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The first-principles density functional theory (DFT) was implemented to investigate the structural, electronic and magnetic properties of vanadium (V) substituted and chalcogen (Se) vacancies
in tungsten diselenide (WSe2 ) monolayer, novel two dimensional (2D) monolayer (ML) structures
in binary compounds ZnX (X= As, Sb, and Bi), and novel 2D electrides on transition metalrich mono-oxide or chalcogenides, based on Perdew-Burke-Ernzerhof (PBE) exchange functional
employed in Vienna Ab-Initio Simulation Packages (VASP).
The inherent defect in 2D transition metal dichalcogenides (TMDCs) contains unavoidable
substitutional defects and a certain amount of chalcogen vacancies. This type of defect affects
the electronic and magnetic properties of 2D-TMDCs. To account for this fact, we demonstrated
using DFT that the V-doped WSe2 monolayer exhibits long-range ferromagnetic order. Further,
the chalcogenide (Se) vacancies clustered around V-atom enhance the ferromagnetic properties of
the system consistent with experimental findings. This dissertation explores the important role of

Se-vacancies in the magnetic properties of the V-doped WSe2 monolayer and proposes a method
to enhance the magnetic properties of such 2D non-magnetic van der Waal (vdW) materials.
In the second study, we have attempted theoretically to engineer the monolayer structure in II-V
binary compounds ZnX with orthorhombic symmetry. We proved the dynamical stability of the
bulk and ML structures manifested by the absence of imaginary frequencies in phonon dispersion
curves. Our calculations on the density of states (DOS), and band structures using GGA indicate
the increasing value of bandgap as well as the transition from indirect to direct bandgap while going
from bulk to monolayer structure of ZnX. Our theoretical calculations will represent an archetype
of novel 2D semiconductors on ZnX.
Next, we have tailored using DFT, the structural and electronic properties of the 2D electrides
that belong to transition metal-rich mono-oxide and chalcogenides with hexagonal (Hf2 X; X = O,
S, Se, Te), and orthorhombic (Ti2 S and Zr2 S) symmetry thereby introducing novel electrides to the
electride family. The Bader charge analysis, electron localization function (ELF), projected DOS,
and the calculated value of low work functions provides sufficient theoretical shreds of evidence
to prove these materials as electrides.

Key words: Density Functional Theory, PBE, defect, ferromagnetism, novel 2D monolayer, novel
2D electride
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CHAPTER I
INTRODUCTION

1.1

An overview of 2D materials
The exponential progress in nanotechnology and material science due to the miniaturization of

electronic devices including mobile phones, tablets, computers, etc has significantly improved the
functionality, stability, and efficiency of such devices. Probably, it is no doubt that the lifestyles of
the people have been changed due to this technological advancement. This trend in technology can
even be supported by Moore’s law proposed in 1965 that the number of transistors squeezed into
an integrated circuit will approximately double every two years [105]. Silicon (Si), which has been
used as a microprocessor for more than four decades, has reached its nano-size employing the principle of quantum tunneling effect [149]. Due to the demanding efficiency in power consumption,
ecological and economic reasons, Si-based electronic devices have become an old technology and
are being substituted by other 2D materials. These days van der Waals (vdW) materials are coming
up with entirely outstanding structural and electronic properties that can become a foundation for
the next generation of electronic equipment. The vdW materials are composed of a layered structure with mono, di, or tri atomic layers in which the atoms in the same layer are bound with strong
covalent bonds while the adjacent layers are coupled with weak vdW interactions so that they can
be easily exfoliated into a thin two-dimensional (2D) sheet breaking along the bond across the vdW
interaction. The quantum mechanical properties of the electrons have established the layered mate1

rials as a potential candidate in every technological facet. Andre Geim and Konstantin Novoselov,
Nobel prize winner in Physics in 2010, synthesized graphene as the first 2D material from the
mechanical exfoliation of graphite in 2004 [114]. This newly discovered 2D material, graphene
is a semi-metal that possesses more unique properties than other previously discovered materials.
Take for instance, the massless Dirac dispersion with unconventional Landau levels in graphene
gives the property of Quantum Spin Hall Insulator (QSHI) introducing spin-orbit coupling in which
the spin current flows perpendicular to the applied electric field [64, 72]. Soon after the discovery
of graphene as a 2D material with fascinating properties, theoretical and experimental researchers
outburst their research interests in other possible layered materials from which a thin 2D layer
can be extracted. So far, many 2D materials have been discovered that include hexagonal Boron
Nitride (h-BN) [19], Silicene (Si) [116], Germanene (Ge) [4], Black Phosphorous (BP) [133],
Stanene (Sn) [122], Bismuthene (Bi) [161], Plumbene (Pb) [30], Transition metal dichalcogenides
(TMDCs) [121, 78, 79], metal-oxides like Zinc Oxide (ZnO) [150], Mxene (Mn+1 Xn ) where M is
transition metal and X is Carbon and/or Nitrogen [48], etc. These exciting 2D materials have a
myriad of potential applications in optoelectronics, nanoelectronics, spintronics, sensing technologies, and electrode materials for Li-ion batteries [85, 139, 11, 116, 90, 87, 88, 141]. In solid-state
physics, band structure plays an important role to explain the quantum mechanical state of the
electrons in the lattice crystal that interconnects the binding energy, momentum, and spin of the
electron. Thus, the electronic band structure is useful to define the basic properties such as charge
transport, optical excitation, and spin-polarization which eventually give rise to novel concepts for
electronic applications [45].
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1.2

Defect in lattice crystals
The defects in the lattice crystal sometimes result in new properties of the materials. The defect

in the crystal arises when there is misarrangement or imperfection of atoms in the regular lattice
array. Such defect changes the physical, chemical, electrical, optical, and magnetic properties of
the materials. There are different types of lattice defects such as point defects, surface defects, and
line defects. Point defects are the simplest defects found in any crystal phase. They are localized
on single sites of the crystal structure; these sites can be regularly occupied by some chemical
species or foreign atoms or else regularly unoccupied sites of the vacant interstitial sublattice [25].
Point defects in semiconductors play a crucial role to define material properties. Dopants like
impurities form shallow donors and acceptors and provide the means of controlling the electrical
conductivity of the material, which is the basis of many applications in electronic devices. Native
defects like vacancies and interstitial atoms, and their combination with impurities introduce mostly
unwanted deeper levels in the band gap and thus may serve as traps or recombination centers for
the carriers. Some of these defects are introduced during the growth of the material as per the
necessity of the device production [137]. Surface defects occur, when the crystallographic direction
suddenly changes. This defect arises when two crystals begin growing from different directions
and finally meet each other. Line defects or dislocations occur when the atoms of the crystal are
misaligned. There are two basic types of dislocations, edge dislocation, and screw dislocation.
Edge dislocations are caused by the termination of a plane of atoms in the middle of a crystal. In
such a case, the adjacent planes are not straight but instead, bend around the edge of the terminating
plane so that the crystal structure is perfectly ordered on either side. The screw dislocation is more
difficult to visualize, but generally comprises a structure in which a helical path is traced around
3

the linear defect about the line of dislocation by the atomic planes in the crystal lattice [54]. The
different types of defects are shown in Fig 1.1.

Figure 1.1: Diagram representing different types of lattice defects [3, 2, 1]

1.3

Transition metal dichalcogenides (TMDCs)
The layered structured transition metal dichalcogenides (TMDCs) have been considerably stud-

ied due to their emerging applications in areas such as photo-cells [106], lubricating agents [156],
4

and energy storage devices [31]. They are represented with the chemical formula MX2 , where M
= molybdenum (Mo), tungsten (W), etc are transition metals from group VI and X = sulphide (S),
selenide (Se), and telluride (Te) are chalcogens. They can be regarded as promising candidates to
search atomically thin structures. In the case of 3D bulk tungsten diselenide (WSe2 ), one can find
three different polytypes namely (a) 1T-Tetragonal symmetry, (b) 2H-hexagonal symmetry, and (c)
3R-rhombohedral symmetry. The basic building block for TMDCs material is composed of three
hexagonally packed atomic layers where a layer of transition metal atom (M) is sandwiched between two layers of chalcogen atoms (X) [82] with the strong covalent bonding between chalcogen
and metal within a single layer and weak interlayer van der Waals (vdW) forces between the two
adjacent layers. The bulk structures of TMDCs are semiconductors with an indirect gap in the
near infrared spectral range [22], whereas the 2D monolayer (ML) TMDCs such as molybdenum
disulphide (MoS2 ), molybdenum diselenide (MoSe2 ), tungsten disulphde (WS2 ), or tungsten diselenide (WSe2 ) are direct gap semiconductors in the visible spectral range. The direct band gap
can greatly improve the efficiency of the radiative recombination of electrons and holes which can
increase the quantum efficiency of photoluminescence from excitons. The exciton is an electrically
neutral quasi-particle which is the combination of an electron and a positive hole in a valence band
that is free to move through a nonmetallic crystal as a unit [107].
TMDCSs have been isolated in 2D monolayer form from their bulk structure by mechanical
exfoliation [86, 136] synthesized using chemical vapor deposition (CVD), molecular beam epitaxy
(MBE) [162, 84], or obtained by liquid exfoliation using different solvents. Due to their sensitivity
to the photons, 2D TMDCs are promising candidates for future optoelectronic devices including
light-emitting diodes (LEDs), photodetectors, and phototransistors, sensors, photovoltaic devices,
5

and integrated circuits [153, 155, 120, 78]. Moreover, the sizable direct band gaps around 1.02.0 eV, lies within the visible light range which makes them attractive light-absorbing materials
in thin-film solar cells. The ultrathin body of TMDCs may even facilitate the fabrication of
transparent and flexible devices in the future. Besides optoelectronic devices, TMDCs can also
be used in field-effect transistors (FETs) showing high on/off current ratios [153, 171]. Further, a
unique 2D optical system has been developed with a silver-array supporting narrow surface-lattice
plasmonic resonances to enhance photoluminescence and surface-enhanced Raman scattering at
room temperature [155, 159].
The intrinsic physical, chemical, mechanical, and optical properties of TMDCs monolayer (ML)
can be further tuned by the introduction of impurity atoms employing doping and adsorption, and by
the structural defect mechanism such as creating the vacancies on the lattice sites which considerably
enlarges their applications in electronics, photonics, and spintronics. Notably, the spin polarization
induced in nonmagnetic TMDC materials by doping different TM atoms surprisingly changes
electrical resistivity with temperature due to scattering of conduction electrons. This phenomenon
which is commonly observed in nanomaterial electronics is called the Kondo effect [51]. Depending
upon the type of polymorphs, and the number of interacting valence electrons of the doped element,
ML-TMDCs may behave as metallic, half-metallic, semiconductors, topological insulators, and
superconductors [93, 154, 32, 109]. In the case of TM-doped TMDCs monolayer, there exists a
strong orbital interaction between impurity atoms with that of the host metal and chalcogen atom
that gives them unique electronic and magnetic properties.
In this dissertation, we have tailored the electronic and magnetic properties of 2D ML-WSe2
via substitutional doping of TM vanadium (V) atom, mediated with Se vacancies engineering
6

which eventually leads to another unique property of the dilute magnetic semiconductor (DMS)
with ferromagnetism. DMSs are the materials that possess the combined semiconducting and
magnetic properties within the same material. These materials exhibit promising applications
for new generation magneto-optics, and 2D spintronic devices such as spin-based FETs, magnetic
bipolar transistors (MBTs), filters, diodes, spin qubits in quantum computers, and magneto-resistive
memories, etc [20, 123, 128, 172]. The DMS materials based on spin electronics are far better than
other traditional devices both in terms of mechanical efficiency and energy consumption. It has
been known from numerous theoretical and experimental studies that most of the transition metal
doped 2D materials are found to exist as DMS materials with carrier mediated ferromagnetism
(FM) find their tremendous applications mainly in nanoscale spintronics. Meanwhile, spintronics
is the phenomenon of producing and storing electronic transport information based on the charge
and spin of the electrons which is practically more relevant for novel electronic devices [101]. Xu
Zhao et al. predicted theoretically that Ni, Pd, and Pt doped WS2 as a potential candidate for thin
DMSs [169]. Bo Li et al. created experimentally the ferromagnetic 2D DMSs materials by doping
Fe in ML SnS2 exfoliated using a micromechanical cleavage method [77]. S. M. Hailemariam
suggested that Mn-doped bilayer MoS2 are promising candidates for 2D DMS for high-temperature
spintronics applications [98]. Y. C. Cheng et al. demonstrated that 2D DMS can be realized by
doping ML MoS2 by Mn, Fe, Co, and Zn [20]. Weiyang Yu et al. found that the TM (Ti, V, Cr,
Mn, Fe, and Ni) doped black phosphorene show the DMS properties [163]. Since WSe2 exhibits
the most robust excitonic valley polarization among other TMDCs owing to the large spin-orbit
splitting [102], the V doped WSe2 is supposed to exhibit its importance in valleytronics besides
spintronics and optoelectronics. Moreover, the ferromagnetic (FM) ordering is required for the
7

2D nanoscale magnets to be used in nanoelectronics, and this property is found to be inherent in
V doped WSe2 monolayer. Also, we estimated the Curie temperature (TC ) using the mean-field
approximation (MFA) for the ferromagnetic (FM) cases. Surprisingly, the typically high value
of the magnetic moment is observed when Se vacancies are introduced near the V dopant which
opens a possible gate for their applications in magnetic storage devices [23].
This dissertation aims to study the point defect-induced tunable electronic and magnetic properties of the two-dimensional WSe2 monolayer using density functional theory (DFT). Emphasis
has been given to doping vanadium (V) atom and engineering chalcogenide (Se) vacancies nearest
to the V dopant to see the change in electronic and magnetic properties of the materials. The
dissertation is organized in the following ways:
CHAPTER II goes through the basic theoretical background including the quantum many-body
problem in condensed matter physics and Density Functional Theory.
CHAPTER III discusses the computational method employed during the numerical calculations.
CHAPTER IV explains the results and contains discussions of the V-doped WSe2 and Se
vacancies engineering.
CHAPTER V deals with engineering 2D monolayer structure in II-V binary compounds ZnX
(X = As, Sb, and Bi).
CHAPTER VI goes through the theoretical exploration of two-dimensional (2D) electrides in
transition metal-rich monochalcogenides.
CHAPTER VII includes a summary of the research projects carried out in this dissertation and
directions to future work.

8

CHAPTER II
THEORETICAL BACKGROUND

2.1

The many-body Hamiltonian
The properties of atoms, molecules, and solids can be understood by determining the eigen-

functions of the many-body Hamiltonian.
𝐻ˆ = 𝑇ˆ + 𝑉ˆ

(2.1)

Here, the energy contributions are mainly due to electrons and nuclei. The potential term 𝑉ˆ is
contributed by three types of interactions: a) nucleus-nucleus (nn), b) nucleus-electron (ne), and
c) electron-electron (ee).
The kinetic energy term is the sum of the kinetic energy of electrons and nuclei. Since the
ions are several thousand times heavier than electrons, their contribution to kinetic energy term is
usually neglected according to the Born-Oppenheimer approximation [24]. The Hamiltonian in
the case of a single electron with the nucleus at the origin like in hydrogen system is,
ℏ2 2
𝑒2 1
𝐻ˆ 𝑠 = −
∇𝑟® −
2𝑚 𝑒
4𝜋𝜖 𝑜 𝑟

(2.2)

where 𝑚 𝑒 is the mass of an electron, 𝜖0 is the dielectric constant of vacuum, and 𝑟 = |®
𝑟 | is the length
of the position vector with origin at the nucleus. The eigen function of the Schrodinger equation
is [146]
𝐻ˆ 𝑠 𝜓(®
𝑟 ) = 𝐸𝜓(®
𝑟)
9

(2.3)

When we introduce a second electron to the above system considering a He atom, the Coulomb
interaction between the two electrons also needs to be added. So, Eqn. 2.3 becomes

 𝑍𝑒 2  1
ℏ  2
1
𝑒2
1
2
ˆ
𝐻 (®
𝑟 1 , 𝑟®2 ) = −
∇𝑟®1 + ∇𝑟®2 −
+
+
2𝑚 𝑒
4𝜋𝜖 𝑜 |®
4𝜋𝜖 𝑜 |®
𝑟 1 | |®
𝑟2 |
𝑟 1 − 𝑟®2 |

(2.4)

where Z=2 for He atom.
To generalize this to a system with 𝑁 𝑒 electrons and 𝑁𝑛 nuclei,
𝐻ˆ = 𝑇ˆ𝑒 + 𝑉ˆ𝑛𝑒 + 𝑉ˆ𝑒𝑒 + 𝑉ˆ𝑛𝑛

(2.5)

#
" 𝑁 𝑁
𝑁𝑒
𝑁𝑒 Õ
𝑁𝑒
𝑁𝑛 Õ
𝑁𝑛
𝑒 Õ
𝑛
2 Õ
2
Õ
Õ
Õ
1
1
ℏ
𝑒
𝑍
1
𝑍
𝑍
𝐼
𝐼
𝐽
+
(2.6)
𝐻ˆ = −
∇2 +
−
+
2𝑚 𝑒 𝑖 𝑖 4𝜋𝜖 𝑜
𝑟𝑖 − 𝑟®𝑗 | 2 𝐼 𝐽≠𝐼 | 𝑅®𝐼 − 𝑅®𝐽 |
𝑟𝑖 − 𝑅®𝐼 | 2 𝑖 𝑗≠𝑖 |®
𝑖
𝐼 |®
where indices 𝑖 and 𝑗 run over the electronic degrees of freedom and 𝐼 and 𝐽 run over nuclei [130].

2.2

Density functional theory
Density functional theory (DFT) is a quantum mechanical (QM) method for the calculation of

the electronic structure of solids which has become more and more popular these days. DFT was first
developed in the early 20th century based on the Thomas-Fermi model [108] and later formalized
by the Hohenberg-Kohn theorems [47] stating that any molecular property can be expressed in
terms of the electron density. Particularly, the Kohn-Sham theory has established the foundation
for the use of DFT in computational chemistry [97] and then demonstrated that the ground-state
energy of an n-electrons molecule is expressed in terms of the one-electron density [12]. Based on
this theory, the ground state electronic energy can be completely determined by electron density.
The method allows to introduce a computational scheme to include electron correlation effects in
a much simpler and economical way.
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2.3

Hohenberg-Kohn theorem
DFT calulations are based on the two Hohenberg-Kohn theorems [41]. The first theorem states

that the electronic density for a non-degenerate ground electronic state of a molecular system 𝜌 𝑜 (®
𝑟)
determines the wave function and energy of the ground state and any excited state of the system.
In particular, the exact ground state energy (𝐸 𝑜 ) can be written as functional, a rule that maps a
function into a real number 𝐸 [𝜌 𝑜 ] given by
𝐸 [𝜌 𝑜 ] = 𝐸 𝑜 = 𝑇𝑒 [𝜌 𝑜 ] + 𝑉𝑒𝑒 [𝜌 𝑜 ] + 𝑉𝑒𝑛 [𝜌 𝑜 ] + 𝑉𝑛𝑛

(2.7)

In this expression, the nuclear-nuclear repulsion 𝑉𝑛𝑛 is constant for a given nuclear geometry, the
functional 𝑉𝑒𝑛 [𝜌 𝑜 ] accounts for the expectation value of the electron-nuclear (en) interaction
∫
𝑉𝑒𝑛 [𝜌 𝑜 ] =

!
∫
𝑍𝛼 𝑒2
𝜌 𝑜 (®
𝑟) −
𝑑®
𝑟=
𝜌 𝑜 (®
𝑟 )𝑉 (®
𝑟 )𝑑®
𝑟
4𝜋𝜖 𝑜 |𝑅𝛼 − 𝑟®|
𝛼=1
𝑛
Õ

(2.8)

and the functionals 𝑇𝑒 [𝜌 𝑜 ] and 𝑉𝑒𝑒 [𝜌 𝑜 ] correspond to the expectation values of the electron
kinetic energy and electron-electron repulsion respectively. If the electronic density 𝜌 𝑜 (®
𝑟 ) and the
functional 𝑇𝑒 [𝜌 𝑜 ] and 𝑉𝑒𝑒 [𝜌 𝑜 ] were known Eqn. 2.7 would give 𝐸 𝑜 .
The second Hohenberg theorem states that the energy calculated for any trivial density function
(𝜌𝑡 ) fulfilling the conditions 𝜌𝑡 (®
𝑟 ) ≥ 0, ∀®
𝑟 and

∫

𝜌𝑡 (®
𝑟 )𝑑®
𝑟 = 𝑛 is above the exact value for the

electronic ground state
𝐸 [𝜌𝑡 ] > 𝐸 [𝜌 𝑜 ] = 𝐸 𝑜

(2.9)

This result implies that the electron density that minimizes the energy of the overall functional is
the true electron density corresponding to the full solutions of the Schrödinger equation. If the true
functional form is known, then one can try to minimize the energy by varying the electron density,
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to find the ground-state electron density. Once the ground-state electron density is known, all the
properties can be calculated.

2.4

Generalized Kohn-Sham formalism
The current DFT calculation is the methodology devised by Kohn-Sham (KS) to transform

Eqn. 2.7 into a practical fashion to calculate electronic energies [127]. The KS approach uses
a fictitious reference system formed by non-interacting electrons and whose electronic density
coincides with that of the real system [𝜌 𝑜 (®
𝑟 )] to modify 𝐸 𝑜 as
∫
𝐸𝑜 =

𝑟𝑒 𝑓
𝜌 𝑜 (®
𝑟 )𝑉 (®
𝑟 )𝑑®
𝑟 + 𝑇𝑒

1
[𝜌 𝑜 ] +
2

∫ ∫

𝜌 𝑜 (®
𝑟 1 ) 𝜌 𝑜 (®
𝑟2)
𝑑 𝑟®1 𝑑 𝑟®2 + 𝑉𝑛𝑛 + 𝐸 𝑋𝐶 [𝜌 𝑜 ]
(4𝜋𝜖) 2𝑟 12

(2.10)

where the first term represents electron-nuclear interaction, the second term is the kinetic energy
of the non-interacting electrons forming the fictitious system, the third term represents the classical
Coulomb repulsion between the two-electron clouds described through 𝜌 𝑜 , the fourth term represents the constant nuclear-nuclear repulsion, and the fifth term contributes the exchange-correlation
energy (𝐸 𝑋𝐶 [𝜌 𝑜 ]) which includes all the corrections like kinetic correlation energy electronic correlation and the exchange energies, and a correction to prevent the self-interaction energy. Here,
𝜌 𝑜 (®
𝑟 ) can be written as,
𝜌 𝑜 (®
𝑟) =

𝑛
Õ

𝜒𝑖𝐾𝑆 (®
𝑟)

2

(2.11)

𝑖=1

in terms of Kohn-Sham orbitals 𝜒𝑖𝐾𝑆 that defines the electrons of the non-interacting reference
system [58].
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2.5

Exchange correlation functional (𝐸 𝑋𝐶 [𝜌 𝑜 ])
The exchange-correlation functionals (𝐸 𝑋𝐶 [𝜌 𝑜 ]) used in DFT are of two main types. The

local density approximation (LDA) and the generalized gradient approximation (GGA). In the
LDA, the exchange-correlation functional is defined for an electron in a uniform electron gas
of density 𝑛 [56]. It is exact for a uniform electron gas and is considered to be a reasonable
approximation for slowly varying densities. In molecules and solids; however, the density tends
to vary considerably in space. Still, the LDA has been used in many systems accurately. It tends
to predict over-bonding in both molecular and solid systems, and it tends to make semiconductor
systems too metallic (underestimation of the band gap) [143, 117]. The generalized gradient
approximation (GGA) includes corrections for gradients in the electron density Δn and is often
implemented as a corrective function of the LDA. The form of this corrective function (exchange
enhancement) function determines which functional is it such as Perdew-Burke-Ernzerhof (PBE),
revised versions of PBE (RPBE and revPBE), PBEsol, PBE with Hubbard correction (PBE+U),
etc. Throughout this dissertation, PBE and PBE+U functionals are used. It has been found that
the RPBE and revPBE functional gives superior chemisorption energies for atomic and molecular
bonding to surfaces, but it gives worse bulk properties, such as lattice parameters compared to
experimental findings [70]. On the other hand, PBEsol was constructed to restore the correct
second-order expansion for the exchange energy designed for the solids and surfaces to improve
their equilibrium properties over the PBE [160]. There are also developed other new types of
hybrid functionals as well, such as PBE0, B3LYP, HSE06, and HSE03. PBE0 represents an
empirical attempt to improve the PBE functional for molecules by including a 25% Hartree Fock
exchange. The B3LYP functional is the combination of Becke’s 3-parameter hybrid treatment with
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the Lee-Yang -Parr correlation functional which is the most widely used functional constructed by
including 20% of the Hartree-Fock exchange and adjusting the gradient contribution to both the
exchange and correlation. The Heyd-Scuseria-Ernzerhof (HSE) functional sometimes called the
screened exchange, uses the PBE functional for correlation. One of the advantages of the HSE
functional over the GGA-PBE is that it significantly improves the band gap value comparable to
the experimental observations. [50, 138].

2.6

Bloch’s theorem and basis sets
In periodic solids, Bloch’s theorem states that solutions to the Schrodinger equation in a periodic
®

potential take the form of a plane wave, 𝑒 (𝑖 𝑘·®𝑟 ) , modulated by a periodic function which is given by
®

𝜓 𝑘 (®
𝑟 ) = 𝑢 𝑘 (®
𝑟 )𝑒 (𝑖 𝑘·®𝑟 )

(2.12)

® Here, 𝑟® is position,
where 𝑢 𝑘 (®
𝑟 ) has the period of the crystal lattice with 𝑢 𝑘 (®
𝑟 ) = 𝑢 𝑘 (®
𝑟 + 𝑇).
𝜓 is the wave function, the wave vector 𝑘® is the crystal momentum vector, 𝑒 is Euler’s number,
and 𝑖 is an imaginary unit. VASP uses plane waves as the basis set to expand the Kohn-Sham
orbitals following Bloch’s theorem [55]. To get a perfect expansion, one needs an infinite number
of plane waves. So, the coefficients of the plane waves must go to zero for high energy plane waves,
otherwise, the energy of the wave function would go to infinity. This justifies to reduce the plane
wave basis set above cut-off energy. Careful testing of the effect of the cutoff energy on the total
energy can be performed to determine a suitable cutoff energy. It means the cut-off energy must
be chosen in such a way that the total energy reaches the required convergence.
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CHAPTER III
COMPUTATIONAL METHODS

3.1

Introduction to VASP
All the DFT calculations in this dissertation have been performed using the standard software

package, the Vienna Ab initio Simulation Package (VASP) [67]. VASP is a very popular, complex package to carry out ab-initio quantum-mechanical molecular or atomistic simulations using
pseudopotentials and a plane-wave basis set. The numerical results obtained from VASP are at
the ambient pressure and temperature of 0 GPa and 0 K respectively. In this dissertation, all
the electronic structure calculations have been carried out within the framework of the projector
augmented wave (PAW) formalism to describe the ion core [70]. The generalized gradient approximation (GGA) [119, 69, 68] has been employed to treat the exchange-correlation potential
based on density functional theory (DFT). The atom positions and cell parameters were fully
relaxed to their ground state by calculating full stress tensor and forces. The charge density and
the total energy of a given system were iteratively updated until the total energy converges into the
ground state energy (TOTEN) within certain convergence criteria. Before running a calculation
by VASP, several files must be created in a working directory. The most important four input files
are POSCAR, KPOINTS, POTCAR, and INCAR [75, 67].
The input file POSCAR contains the geometric and structural information of the system specifying the unit cell information and the position of the ions within the unit cell. The unit cell
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information encompasses the lattice constant, the three primitive lattice vectors, and the positions
of the atoms per unit cell either in fractional or Cartesian coordinates. The input file KPOINTS
determines the k-point grid and contains the k-point coordinates (Bloch vectors) and their weights
or k-mesh size. The more accurate calculations are for a denser k-point mesh but we also need
to consider the computational cost and the walltime limit of the calculations before using high
k-mesh. Hence, the number of k-points should be appropriately chosen considering the purpose of
a calculation. There are several different ways one may specify the k-points in the KPOINTS file:
(1) as an automatically generated (shifted) regular mesh of points, (2) by means of the beginning
and end-points of line segments, or (3) as an explicit list of points and weights. One of the typical
formats for the KPOINTS is composed of the information on the k-point mesh such as the number
of grid points and the shift of the grid. To run the band structure calculations, k-points should
be along high symmetry lines in the first Brillouin zone, and the specific points of the Brillouin
zone have to be connected with the strings of k-points. This format is useful for the calculations
of band structures and phonon dispersion bands. The POTCAR file includes information on the
one-electron potential of each atom in the unit cell. It contains the pseudopotential for each atomic
species including its mass, valence electrons, and energy cutoff. All atomic data are stored in a
specific directory in VASP and can be copied and modified in the order of atoms in POSCAR
file. There are different classes of POTCAR files derived from the Local Density Approximation
(LDA) and Generalized Gradient Approximation (GGA) exchange-correlation functional. Approximation of the exchange-correlation functional where it only depends on the local charge density
and it is insensitive to the nonlocal part. In contrast to LDA, GGA depends not only on the local
charge density but also on the gradient of the charge density which gives more accurate results in
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most systems. One of the popular GGA functional is parameterized by Perdew-Burke-Ernzerhof
(PBE) [118]. The most important input file is INCAR, which instructs VASP what to run in the
current calculation and contains a large number of parameters. It is a tagged format file and each
tag decides a number of values or condition of the parameter. There are a few important tags for
different steps of calculations. To run the relaxation calculations, ionic relaxation and electronic
relaxation tags are important. ISPIN tag decides whether spin-polarized calculations are turned on
or not (ISPIN = 2 means turning on spin polarization). MAGMOM tag details the initial magnetic
moment for each atom and it is a safe way to guess and write initial magnetic moments larger
than local magnetic moments of the atoms. ICHARG tag determines whether to obtain a superposition of atomic charge densities (ICHARG=2) or to read the charge density from pre-converged
CHGCAR (ICHARG=1) during the self consistent (SC) calculations or to keep constant charge
density (ICHARG =11) during the non-self consistent (NSC) calculations. There are some tags
to determine ionic relaxation in the current calculation. NSW tag controls the maximum number
of ionic relaxation steps. EDIFFG tag which determines the residual force on each atom sets the
break condition for the ionic relaxation loop. The relaxation of the ions will be stopped if the
change in the total free energy is smaller than EDIFFG number between the back and forth ionic
relaxation steps. If the difference of total energy between two ionic relaxations does not reach the
EDIFFG number, the calculation will be stopped when the NSW number of ionic relaxation steps
is done. The most crucial tag is ISIF that determines which degrees of freedom (cell shape, cell
volume, and ions) and allows the stress tensor to be calculated. ISIF = 2 allows only the relaxation
of the ions at constant cell shape and volume. On the other hand, ISIF = 3 performs full relaxation
of ions, cell shape, and volume. ISIF = 4 relaxes atom positions and cell parameters at constant
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volume. ISIF = 2 and 4 are mostly used to relax a slab with a vacuum. Also, the tags for electronic
relaxation are important. The NELM tag has the same meaning as NSW but it determines the
maximum number of electronic relaxation steps. The EDIFF sets the breaking condition for the
electronic self-consistent loop. The ALGO tag determines what kind of algorithm will be used for
the electronic relaxations. ALGO = Normal means using blocked Davidson iteration scheme and
ALGO = Very-Fast selects RMM-DIIS algorithms. The most fairest algorithm is ALGO = Fast
which is a mixing of both Normal and Very-Fast algorithms and is applied in most calculations of
larger supercell sizes (more than 60 atoms) in this study. ISYM determines that symmetry of the
charge density should be used or not. During the spin-orbit coupling and self-consistent calculations, ISYM tag should be turn off (ISYM = -1 or 0) to get extremely accurate total free energy.
For relaxation calculation, ISYM = 2 is set to turn on the symmetric charge density. If we want to
switch on spin-orbit coupling we have to set tag LSORBIT = .TRUE. in the non-collinear mode
of VASP by setting LNONCOLLINEAR = .TRUE. and the quantization axis for the non-collinear
spins has to be determined by SAXIS. The initial magnetic for each atom should be specified along
with all the three directions (𝑥,𝑦, and 𝑧). To calculate band decomposed charged or partial charge
density we need to set tag LPARD = .TRUE. and have to specify the specific number of bands using
IBAND or the range of energy value using tag EINT. The tag NBMOD is set in the INCAR file
to control the bands used in the calculation of band decomposed charge densities. The commonly
chosen value of NBMOD are -2 and -3 depending upon the calculation of the partial charge density
for the electrons with their eigenvalues in the range specified by EINT or the energy range versus
the Fermi energy [71].
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3.2

Computational method
In this chapter, we presented a detailed description of the computational method to explore

the structural, electronic, and magnetic properties of V doped WSe2 monolayer mediated with
Se vacancies. We used the Perdew-Burke-Ernzerhof (PBE) functional to describe the exchangecorrelation interactions. On account of the strongly correlated electronic systems, we employed
the GGA+U method within Dudarev’s approach [34] for the on-site Coulomb interaction in the
localized 𝑑 orbitals of the V atom. In the present work, a corrected Ueff =3.0 eV for V atom which
best describes the electronic and magnetic properties of the system was selected. We did the
convergence test for cut-off energy, and vacuum length separately for 5 × 5 × 1 supercell doped
with a single V atom. From the convergence test, the kinetic energy cut off for the plane wave
expansion was sufficient to set up at 425 eV and a minimum vacuum length of 18 Å was added
perpendicular to the monolayer of WSe2 to safely avoid spurious interaction between neighboring
layers. The Brillouin zone integration was sampled using the gamma centered k-mesh of 6 × 6 × 1,
and 4 × 4 × 1 for the structural relaxations in 5 × 5 × 1 and 7 × 7 × 1 supercells using the tetrahedron
method of Blöchl correction [53] and smearing width of 0.01 eV in all the calculations. All the
structures were fully relaxed including atom positions until the energy value reaches the precision
of 10−5 eV and the residual force less than 0.02 eV/atom except for the supercells of 5 × 10 × 1,
6 × 12 × 1, 7 × 14 × 1, and 8 × 16 × 1 in which the residual force was less than 0.04 eV/atom
owing to the large size of the supercells. All the calculations were spin-polarized and collinear,
and the magnetic moments were initialized parallel to the 𝑐-axis. The geometrical structures and
spin densities were visualized using VESTA code [104].
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3.3

Determination of Hubbard correction (Ueff )
In this dissertation, the additional Hubbard correction term (Ueff ) is introduced with DFT

method to treat the strong on-site Coulomb interaction of localized electrons especially on the 𝑑orbital of vanadium (V) atom. Generally, the on-site Coulomb interactions are said to be localized
on 𝑑 and 𝑓 orbital electrons; sometimes, also localized for 𝑝 orbitals. The strength of the on-site
interactions is usually described by the parameters on-site Coulomb (U) and on-site exchange (J).
These parameters U and J can be extracted semi-empirically from ab-initio calculations. The
DFT+U corrections can be introduced in ab-initio calculations in two different ways. The first one
is introduced by Liechtenstein et al. [83], in which U and J enter as independent corrections in the
calculations, and the other one is proposed by Dudarev et al. [35], where only a single effective
parameter Ueff = U-J accounts for the Coulomb interaction. Thus the DFT+U total energy is:
𝐸 𝐷𝐹𝑇+𝑈 = 𝐸 𝐷𝐹𝑇 +

Õ 𝑈𝑒 𝑓 𝑓
𝑎

2

𝑇𝑟 (𝜌 𝑎 − 𝜌 𝑎 𝜌 𝑎 )

(3.1)

where 𝜌 𝑎 is the atomic orbital occupation matrix.
The physical meaning of the Hubbard model is significant to account for the underestimated
electronic interactions in transition metal elements by simply adding a semi-empirically tuned
numerical parameter Ueff as a corrective tool for the accurate modeling of the electronic properties
of the various systems. It offers a simple approach to correctly describe the behavior of strongly
correlated materials, such as Mott insulators which is not accurately described by DFT only [158].
So, an appropriate Ueff value should be used which adds to the Hamiltonian a term that increases
the total energy preventing the unwanted delocalization of the 𝑑 or 𝑓 orbitals. Thus, applying
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Hubbard correction, the band gap problem can be solved which is essential to predict the accurate
electronic properties of the transition metal-based compounds.
Several attempts were made to choose the value of Ueff for V doped WSe2 structures using
Dudarev’s approach which best describes the localized 𝑑 orbital in V-atom. For this purpose, we
tested the Ueff values ranging from 0.0, 1.0, 2.0, ..., 6.0 eV. Based on the experimental findings
and the accurate description of the ground state electronic and magnetic properties the value
Ueff (V)=U-J=3.0 eV, where J=1.0 eV for V-atom lies typically within the acceptable range and
has been widely used in previous reports [63, 152, 151]. This evidence is also satisfied by our
theoretical calculations of determination of the equilibrium position of mono-Se vacancy nearest
to the V-dopant (minimum energy position) as shown in the energy configuration ( 3.1). Here,
the mono-Se vacancy is migrated from the nearest to the furthest position from the V atom. The
effective U values for all other atoms W and Se were set to zero.
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Figure 3.1: Diagram representing (a) Experimental Transmission Electron Microscopy (TEM)
image of the defect WSe2 (V doping with Se-vacancies), (b) Simulated structure of V doped
with mono-Se vacancy migration, and (c) Diagram representing relative energy (ΔE) of mono-Se
vacancy at different spatial position.1

1In Fig.3.1(a), the TEM image indicates the most of the mono-Se vacancy positions satisfying the nearest position
to V-atom obtained by the experimental group in Sungkyunkwan University (SKKU), South Korea. In Fig.3.1(b), the
migration of mono Se vacancy is denoted by the position coordinate (0, 𝑖), where the index 𝑖=1, 2, ..., 6, represents the
position of mono-Se vacancy at an increasing distance of V. In Fig.3.1(c) ΔE=𝐸 (0, 𝑖) − 𝐸 (0, 0), is calculated at Ueff (V)
= 3.0 eV. The energy diagram shows that (0, 1) is the stable equilibrium position of mono-𝑆𝑒 vacancy satisfying the
experimental observations.
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CHAPTER IV
RESULTS AND DISCUSSIONS

4.1

Geometrical relaxations
Throughout this dissertation, the 2H structure of WSe2 (space group 𝑝63 𝑚𝑐) was used for the

calculations which is composed of two monolayers per repeat unit cell with trigonal prismatic
structure. The 2D WSe2 monolayer belongs to the space group of 𝑝 6̄𝑚2 (𝐷 13ℎ ) in which a single W
atom is sandwiched between two Se atoms with trigonal prismatic coordination with Se atoms as
shown in Fig. 4.1. The stacking Se-W-Se is inter-coupled together with strong covalent bonding.
The crystal structure of the 2D monolayer (ML) was simulated breaking a weak bond across the
van der Waal (vdW) interaction between the two layers.
The pristine WSe2 monolayer is non-magnetic; hence, we theoretically aimed to induce the
magnetic properties in the WSe2 monolayer via the substitutional doping of transition metal (TM), V
on the host W atom and compared our results with available experimental findings. We considered
the respective pseudopotential valence electron configurations for W, Se, and V are 5𝑑 4 6𝑠2 , 4𝑠2 4𝑝 4 ,
and 3𝑑 3 4𝑠2 . Further, we have engineered the chalcogenide (Se) lattice vacancies nearest to the
dopant V-atom with successive increment in the number of Se vacancies from 1, 2, 3, 4, and 5 in
order to explore the tunable electronic and magnetic properties of the defect WSe2 monolayer. So
far, we have compared electronic and magnetic properties of pristine and various defect states: (a)
Pristine-WSe2 , (b) V doped WSe2 (V + WSe2 ), (c) V doped WSe2 with number of Se vacancies
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Figure 4.1: (a) Bulk 3D structure of WSe2 showing trigonal prismatic structure composed of two
Se atoms and one W atom with hexagonal symmetry, (b) Simulated 2D monolayer structure of
WSe2 .

(V+WSe2 +NvacSe ), where N = 1, 2, 3, 4, and 5 represent the number of Se vacancies. It has
been noticed that the defect V+WSe2 +NvacSe with N = 4 and 5 number of Se vacancies cases
are highly unstable on the basis of our calculated values of formation energies; hence, we ignored
those cases in our present study. All the geometrical structures are fully relaxed including pristine
and defective WSe2 . The calculated value of the relaxed W-W and W-Se bond lengths at 0 K in
pristine-WSe2 monolayer are 3.317 Å and 2.545 Å respectively which are in close agreement
with the experimental values of 3.283 Å and 2.529 Å respectively estimated from the Rietveld
refinement data at 100K [95]. The slight discrepancy between the theoretical and experimental
values is due to the temperature dependence of W-W and W-Se bond lengths. The W-W bond
length is nearly equal to the lattice parameter 𝑎 = 𝑏 of the primitive unit cell which spans the size
of the supercell as well. When the defect is induced via V-doping and chalcogenide (Se) vacancies,
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these bond lengths are slightly distorted. The distorted bond lengths near the defect are annotated
in the Table 4.1. Since V atom is linked with six nearest W atoms and six nearest Se atoms (three
Se atoms on each top and bottom sub-layer respectively), the bond lengths V-W and V-Se given in
Table 4.1 are the averages of all the six bond lengths.

Table 4.1: The relaxed bond lengths V-W, V-Se, and V-V in different defect states at 2.04%
(supercell size 7 × 7 × 1) impurity concentration (V atom doping).
atoms

V + WSe2

V+WSe2 +1vacSe

V+WSe2 +2vacSe

V+WSe2 +3vacSe

V-W (Å)

3.353

3.330

3.313

3.312

V-Se(Å)

2.692

2.535

2.488

2.555

V-V (Å)

23.237

23.199

23.244

23.133

Our numerical calculations show that the relaxed V-W bond length is longer in the defect
V+WSe2 but shorter in the defect V+WSe2 +3vacSe . Also, the relaxed V-Se bond length is longer
in V+WSe2 but shorter in the defect V+WSe2 +3vacSe . Similarly, the W-Se and W-W bond lengths
change near the defect zone but remain unchanged far away from the doping site compared to that
of pristine WSe2 . Then, we carried out the first principle investigations to perform a single point
doping of V atom on the W atom per supercell size of 7 × 7 × 1 (147 atoms) that corresponds to the
impurity concentration of 2.04 % where the relaxed V-V distance is at 23.237 Å. The impurity or
doping concentration is calculated on the basis of the number of V-atoms substituted on W atoms
per the total number of W lattice sites within the supercell structure. To check the accuracy of
our calculations we first calculated the relaxed structural lattice parameter, and the electronic band
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structure for the primitive unit cell structure of WSe2 monolayer (ML) and compared the band gap
value with that of pristine supercell structure. Our calculated lattice parameter for primitive ML was
𝑎=𝑏=3.32 Å which agrees well with the experimental value of 3.29 Å [13] and previously reported
calculated values [73]. The optimized lattice parameter of the primitive monolayer was used to
replicate the lattice parameter for the supercell structures. The lattice parameter of the primitive cell
which spans the lattice parameter of the supercell is also equal to the W-W bond length in pristine
WSe2 monolayer. Our calculated value of band gap for primitive WSe2 monolayer is 1.55 eV that
slightly underestimates the experimentally reported value of 1.65 eV. The underestimation of the
band gap is the well-known flaw of standard GGA. The calculated band gap value for the pristine
ML of 7 × 7 × 1 supercell agrees with that of primitive ML. This confirms that the monolayer and
supercell structures used for our calculations are valid. The band structure and DOS for a primitive
monolayer of WSe2 are shown in Fig. 4.2.

4.2

Calculation of formation energy (ΔE)
The formation energy Δ𝐸 𝑓 𝑜𝑟𝑚 is calculated in eV in the case of V-doped without Se vacancy

and V-doped with Se vacancy using the Eqn. 4.1:
Δ𝐸 𝑓 𝑜𝑟𝑚 = 𝐸 𝐷𝑜 𝑝𝑒𝑑 − 𝐸 𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑛𝜇𝑉 + 𝑛𝜇𝑊 + 𝑚𝜇 𝑆𝑒

(4.1)

where 𝐸 𝐷𝑜 𝑝𝑒𝑑 , and 𝐸 𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 are the relaxed total energies of the supercell of the doped and pristine
ML-WSe2 respectively. 𝜇𝑉 , and 𝜇𝑊 are the chemical potential of the single stable atom of hexagonal
V (𝑃63 /𝑚𝑚𝑐[𝑛𝑜 194]), and 𝑏𝑐𝑐 W (𝐼𝑚 3̄𝑚[𝑛𝑜 229]). 𝑛 and 𝑚 are the number of W atoms replaced
by V dopant and the number of Se atoms removed respectively. 𝜇𝑊 is defined within a range of
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Figure 4.2: Diagram representing (a) First Brillouin zone with high symmetry k-point path (Γ-MK-Γ), (b) Band structure, and (c) DOS of the primitive monolayer of WSe2 with hexagonal (H)
symmetry.

values corresponding to W-rich or Se-rich growth environment. At W-rich limit, 𝜇𝑊 is equal to
the total energy per W atom in its 𝑏𝑐𝑐 bulk phase while,
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𝜇 𝑆𝑒 = (𝜇𝑊 𝑆𝑒2 − 2𝜇𝑊 )/2

(4.2)

where 𝜇𝑊 𝑆𝑒2 is equal to the total energy per formula unit of the pristine monolayer of WSe2 .
At Se-rich limit 𝜇 𝑆𝑒 is the total energy of a single atom in the bulk reference phase of monoclinic
Se (𝑃21 /𝑐[𝑛𝑜 14]) while,
𝜇𝑊 = 𝜇𝑊 𝑆𝑒2 − 2𝜇 𝑆𝑒

(4.3)

where, 𝜇𝑊 𝑆𝑒2 is equal to the total energy per formula unit of the pristine ML of WSe2 . Our numerical
values of 𝜇𝑊 and 𝜇 𝑆𝑒 are -13.0194 eV/atom and 2.1839 eV/atom in W-rich environment and 14.6593 eV/atom and -3.5058 eV/atom in Se-rich environment respectively. Also, the calculated
value of 𝜇𝑊 𝑆𝑒2 is -21.6709 eV/f.u. The calculated value of formation energies for five different
cases is tabulated in Table 4.2. Our calculated value of formation energy for various point defect
states suggests that defect structures satisfy the equilibrium configuration at a Se-rich environment
than in the W-rich environment. The defect structures with V-doped and the number of vacancies
greater than four are highly unstable which satisfies the experimental observations.

4.3

Defect induced electronic and magnetic properties
The electronic and magnetic properties of the lattice structure significantly change when the

defect was induced. The electronic properties were studied on the basis of the 2D contour plot of
charge density difference (Δ 𝜌), quantitative description of charge transfer in the atomic species
near the defect and far from the defect zone using Bader charge analysis, the projected density
of states (PDOS), electronic band structure and band decomposed charge density. The magnetic
properties were analyzed using the 2D contour plot of magnetization density (spin density) map,
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Table 4.2: Calculated formation energies, Δ𝐸 𝑓 𝑜𝑟𝑚 (eV) in various defect states in W-rich and
Se-rich environment.
S.N.

Defects

W-rich

Se-rich

1.

V+WSe2

-0.1673

-1.8073

2.

V+WSe2 +1VacSe

7.9919

0.6622

3.

V+WSe2 +2VacSe

14.1932

6.8635

4.

V+WSe2 +3VacSe

20.4929

13.1632

5.

V+WSe2 +4VacSe

26.0933

18.7637

6.

V+WSe2 +5VacSe

31.6391

24.3094

projected and integrated DOS, calculation of curie temperature (TC ), and magnetic interaction via
ferromagnetic (FM), anti-ferromagnetic (AFM) and non-magnetic (NM) coupling.

4.3.1

Charge density difference (Δ𝜌) and Bader charge analysis

The value of Δ𝜌 was calulated using the mathematical expressions:
Δ𝜌 = 𝜌[𝑉 + 𝑊 𝑆𝑒 2 ] − (𝜌[𝑊 𝑆𝑒 2 ] − 𝜌[𝑊] + 𝜌[𝑉])

(4.4)

Δ𝜌 = 𝜌[𝑉 + 𝑊 𝑆𝑒 2 + 𝑁𝑣𝑎𝑐 𝑆𝑒 ] − (𝜌[𝑊 𝑆𝑒 2 + 𝑁𝑣𝑎𝑐 𝑆𝑒 ] − 𝜌[𝑊] + 𝜌[𝑉])

(4.5)

where, 𝑁= 1, 2, and 3 represents mono, di, and tri Se vacancies respectively.
Fig.4.3 represents the charge density difference in different defect states. The color bar represents the charge transfer in the atomic species. Since Δ𝜌 is minimum (blue) around the V atom;
it represents that the charge is lost from the dopant-V atom. Some amount of charge is gained
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Figure 4.3: (A) Top view of different structural defect states, and (B) 2D contour plot of charge
density difference (Δ𝜌) for (a) V + WSe2 , (b) V+WSe2 +1vacSe , (c)V+WSe2 +2vacSe , (d) V+
WSe2 +3vacSe .

represented by the maximum (red) value of Δ𝜌 by the nearest neighbor six W atoms. The charge
gaining phenomenon for the W atom is still higher when it lies nearest to the Se vacancies. This
change in the charge of the V-atom is correlated with the oxidation state of V-atom in different
cases. The oxidation number of V-defect can be inferred as V (+2) in the pristine WSe2 monolayers
and up to two-vacancy cases and as V (+1) in the three-vacancy cases.
The quantitative description of the charge transfer was calculated using the Bader charge
analysis [140]. According to Bader’s definition, the charge enclosed within the Bader volume is a
good approximation to the total electronic charge of an atom. The charge distribution can be used
to determine the oxidation state and the bonding nature of the doped and the host atoms. Here, the
Bader charge analysis was performed using the pre-converged valence charge density. The value
charge transfer or the oxidation state for different atoms is the difference in the pseudo-potential
valence charge and the Bader charge as shown in Table 4.3.
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Table 4.3: Oxidation states of host and dopant atom in pristine and V-doped WSe2 with and without
Se vacancies. 1
Configuration

V

WN

WF

SeN

Valence

Bader

Oxidation

Valence

Bader

Oxidation

Valence

Bader

Oxidation

Valence

Bader

Oxidation

charge

charge

state

charge

charge

state

charge

charge

state

charge

charge

state

6.0

4.322

+1.678

6.0

4.322

+1.678

6.0

6.839

-0.839

pristine-WSe2
WSe2 + V

5.0

3.354

+1.646

6.0

4.316

+1.684

6.0

4.300

+1.700

6.0

6.848

-0.848

WSe2 + V + 1vacSe

5.0

3.446

+1.554

6.0

4.488

+1.512

6.0

4.294

+1.706

6.0

6.887

-0.887

WSe2 + V + 2vacSe

5.0

3.568

+1.473

6.0

4.494

+1.506

6.0

4.331

+1.669

6.0

6.922

-0.922

WSe2 + V + 3vacSe

5.0

3.818

+1.182

6.0

4.506

+1.494

6.0

4.339

+1.661

6.0

6.911

-0.911

vacuum level or density = 10−7 𝑒/Å

4.3.2

3

Induced magnetic moment (𝜇 𝐵 )

To elucidate the role of V-doped and Se vacancies defect on 2D WSe2 monolayer on the induced
magnetic properties, we constructed a monolayer of WSe2 and considered the cases of (a) pristine
WSe2 , (b) V-doped WSe2 , and (c) V-doped WSe2 with various amount of Se vacancies. We found
that V substitutional defect imparts magnetic moment to WSe2 which is greatly enhanced in the
presence of two or more Se vacancies nearby V atom. As expected, the pristine WSe2 monolayer
does not exhibit any magnetic moment (Fig.4.4a and Fig.4.5a). Once a V atom is inserted as the
substitutional defect at the site of W, it generates 1.0 𝜇 𝐵 of magnetic moment per V atom (Fig.4.4b
and Fig.4.5b). When one Se-vacancy (referred to as 1vacSe ) is introduced at the Se site next to
the V-defect, there is no magnetic enhancement and the net magnetic moment is still 1.0 𝜇 𝐵 per V
1In Table 4.3, V represents the vanadium atom, WN represents the nearest tungsten atom, and SeN represents
the nearest selenide atom to V-atom. The Bader charge and oxidation state (charge transfer) for WN and SeN is the
average of six nearest W and (6-N) nearest Se atoms, where N= 0, 1, 2, and 3 represents a number of Se vacancies in
pristine-WSe2 , WSe2 + V, WSe2 + V + 1vacSe ,WSe2 + V + 2vacSe , and WSe2 + V + 3vacSe respectively.

31

atom (Fig.4.4c and Fig.4.5c). However, when two Se-vacancies are created near the V-defect, the
magnetic moment is enhanced to 3.0 𝜇 𝐵 per V atom (Fig.4.4d and Fig.4.5d). The magnetic moment
is enhanced even to a 500% times larger value 5.0 𝜇 𝐵 when three Se-vacancies are created near
the V-defect (Fig.4.4e and Fig.4.5e ). The trend continues to the case of four close Se-vacancies
near the V-defect where the magnetic moment is enhanced to 5.0 𝜇 𝐵 per V atom. The magnetic
enhancement effect saturates at 5.0 𝜇 𝐵 per 𝑉 atom as the cases of four- or five-vacancy near the V
defect do not show any further increase of magnetic moment. However, such a high concentration
of vacancies next to a V defect can compromise the structural integrity of the WSe2 monolayer and
is unlikely to be observed as confirmed from the experiment and also from our calculated formation
energy. To be considered as a case of two- or three-vacancy case, the Se-vacancies need to be
clustered near the V-defect within a certain cutoff distance (𝑑 𝑐 ). Fig. 4.6 illustrates requirement
for the enhancement in magnetic moment in the case of two-𝑆𝑒 vacancies. We order the distance
from the 𝑉-defect to the 𝑆𝑒-vacancies in the ascending order (𝑑1 ≤ 𝑑2 ≤ ... ≤ 𝑑 𝑁 ) where 𝑁 is the
number of vacancies near the 𝑉-defect). We found that in the case of two-vacancies (𝑁 = 2), there
is no magnetic enhancement if the closest Se-vacancy (first Se-vacancy) is at the site other than
the 1𝑠𝑡 nearest neighbour position regardless of the distance to the second vacancy as shown in
Appendix. A.2. Thus, we fixed the first Se-vacancy at the first nearest neighbor position (𝑑1 =2.14
Å) and calculated the net magnetic moment as we change the distance from the V-defect to put
the second Se-vacancy 𝑑2 at different Se sites. Our DFT calculation shows that in general when
the second Se-vacancy is close to the V-defect, the net magnetic moment per V atom is strongly
enhanced to a three times larger value (3.0 𝜇 𝐵 per V atom). However, when 𝑑2 is increased to
values larger than a cutoff distance 𝑑 𝑐 =7.26 Å, then the enhancement effect disappears, and the
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net magnetic moment is reduced to that of the V-defect alone or V-defect with mono Se vacancy
(i.e. 1.0 𝜇 𝐵 per V atom). This means that a Se-vacancy that is further than 7.26 Å the cutoff
distance does not have any effect on the total magnetic moment and the system behaves like a
one-vacancy system. There are two exceptional cases represented by lattice sites A and B to this
general rule Fig.4.6 where the cutoff distance is slightly increased when the second Se-vacancy
is directly behind the first one on the same side of V-atom at a distance of 𝑑2 =8.06 Å, while it is
slightly reduced when the second Se-vacancy is directly on the opposite side of the first one at a
distance of 𝑑1 =4.11 Å on the other side of V-atom. The possible reason for the existence of these
exceptional cases is that there occurs forward electron transfer from Se-vacancy to V atom in case
A resulting in the enhancement in magnetic moment (3.0 𝜇 𝐵 per V atom) even though the second
vacancy is beyond the cut-off distance; whereas, in case B there occurs reverse electron transfer
from V-atom to remote Se-vacancy resulting in the reduction in magnetic moment (1.0 𝜇 𝐵 per V
atom) even though the second Se-vacancy is within the cut-off distance as shown in Fig.4.10. For
the five-fold enhancement of magnetic moment (5.0 𝜇 𝐵 per V atom), all three Se-vacancies must
be located at the first nearest neighbor position (𝑑 𝑐 =2.14 Å). When three Se vacancies are created
in such a way that two lies nearest to the V atom and one keeps on migrating furthest from V atom
except at first nearest distance to V, then the total magnetic moment drops from 5.0 𝜇 𝐵 to 3.0 𝜇 𝐵 .
The magnetic moment even drops to 1.0 𝜇 𝐵 per V atom when all the three Se vacancies are beyond
the critical distance, 𝑑 𝑐 > 7.26 Å as shown in Appendix. A.3. The summary plot of induced
saturated magnetic moment in pristine-WSe2 and different defect states are shown in Fig.4.8.

2In Fig.4.4 and 4.5, the 2D MDM pictures are plotted for 7 × 7 × 1 supercell with value ranging from -0.02 to +0.02
𝜇 𝐵 /Å3 for spin down (blue) representing minimum value and spin up (red) representing maximum value and green
representing zero value of the magnetic moment.
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Figure 4.4: Top view along (001) plane for 2D contour plot of magnetization density map
(MDM) for a) pristine-WSe2 , b) V+WSe2 , c) V+WSe2 +1vacSe , d) V+WSe2 +2vacSe , and e)
V+WSe2 +3vacSe .

Figure 4.5: Side view along (21̄0) plane for 2D contour plot of magnetization density map
(MDM) for a) pristine-WSe2 , b) V+WSe2 , c) V+WSe2 +1vacSe , d) V+WSe2 +2vacSe , and e)
V+WSe2 +3vacSe .2
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Figure 4.6: (a) Critical distance (𝑑 𝑐 ) for the position of second Se-vacancy to get enhancement in
magnetic moment. (b) Induced total and local magnetic moment on the nearest W and Se atoms,
doped V-atom and Se-vacancy sites on the defect V+WSe2 + 2vacSe . More3

4.3.3

Magnetization density map (MDM) and density of states (DOS)

To elucidate the origin of this vacancy-induced magnetic enhancement, we investigated the
change in the electronic properties by analyzing the structure, magnetization density map (MDM),
3Fig.4.6(a) represents Se lattice sites for induced magnetic moment due to two Se vacancies on 7 × 7 × 1 supercell of
V+WSe2 monolayer where one Se vacancy (sphere with orange color) is fixed at the nearest neighbor distance 𝑑1 =2.43
Å to V-dopant (sphere with blue color) and the other Se vacancy is migrated over all the Se lattice sites further from V
denoted by 𝑑2 and represented by red square (high magnetic moment sites) and green square symbols (low magnetic
moment sites). The lattice site A and B represents the Se lattice sites for exceptional cases. The total magnetic moment
drops to 1.0 𝜇 𝐵 beyond the critical distance of 𝑑2 =𝑑 𝑐 =7.26 Å. Fig.4.6(b) gives quantitative description of magnetic
moment on V-dopant (V), magnetic moment on the first and second Se-vacancies 𝑣𝑎𝑐 𝑆𝑒1 and 𝑣𝑎𝑐 𝑆𝑒2 , sum of magnetic
moment of the first six nearest neighbor W atoms (WN1 ), sum of magnetic moment of the second six nearest neighbor
W atoms (WN2 ), sum of magnetic moment of first six nearest neighbor Se atoms (SeN1 ), sum of magnetic moment of
the second six nearest neighbor Se atoms (SeN2 ). The diagram also includes an exceptional case-A at 𝑑2 =8.06 Å> 𝑑 𝑐 .
4Fig.4.7 represents the possible sites for three Se-vacancies where two vacancies are fixed at the first nearest
neighbor distance of 𝑑1 =2.43 Å and the third vacancy is migrated from the nearest to the furthest distance from
V-atom. The total magnetic moment mtot drops to 3.0 𝜇 𝐵 per V atom when the third vacancy (represented by lattice
site with a red square) is further from V atom 𝑑2 > 𝑑 𝑐 =2.43 Å. The total magnetic moment is 5.0 𝜇 𝐵 when the
third vacancy also lies at the nearest distance to V i.e. at the distance of 𝑑2 =𝑑 𝑐 =2.43 Årepresented by lattice site
with purple color. Here, 𝑑 𝑐 represents critical distance for the position of the third vacancy to get enhancement in
magnetic moment to 5.0 𝜇 𝐵 . In case of three Se-vacancies the requirement for the enhancement in magnetic moment
is 𝑑1 =𝑑2 =𝑑 𝑐 =2.43 Å which means all the Se vacancies should cluster at the nearest neighbor positions to V-dopant.
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Figure 4.7: Critical distance (𝑑 𝑐 ) for the position of third Se-vacancy to get enhancement in
magnetic moment. More4

and the orbital-resolved projected density of states (PDOS) as shown in Fig.4.11. In the absence
of V defect, the total density of states (TDOS) of a pristine-WSe2 monolayer does not show any
exchange splitting resulting in no net magnetic moment (Fig.4.11a). When V defects are doped
into WSe2 as substitutional defects on W, the MDM shows the magnetization in the majority spin
direction at the central V atom and in the minority spin direction at the surrounding W atoms.
The PDOS of this system shows that the 3𝑑 orbital of V atom and 5𝑑 orbital of WN atoms next
to the V-defect are exchange split and one of the peaks in the PDOS for the down spin is pushed
above the Fermi level (Fig.4.11b) leading to the net magnetic moment of 1.0 𝜇 𝐵 per V atom.
This exchange splitting in V defect is also supported by the strong hybridization of the orbitals
V-3𝑑, W-5𝑑 and Se-4𝑝 nearest to V-dopant. When one Se vacancy is created next to the V-defect,
there is no enhancement of magnetic moment with the net magnetic moment of 1.0 𝜇 𝐵 per V
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Figure 4.8: Diagram representing summary plot of total induced or saturated magnetic moment in
pristine as well as various defect states.

37

atom and the MDM for this system (Fig.4.11c) looks quite similar to the one for the V-doped
WSe2 monolayer without any Se vacancy. The PDOS of mono-vacancy case also shows that one
Se-vacancy hardly alters the electronic structure of the system and it behaves like the case of no
vacancy. However, in the case of two-vacancy system (Fig.4.11d), the MDM shows the extended
regions of positive magnetization around the vacancy sites. The PDOS of this case indeed shows
that the two-vacancy complex causes an additional 3𝑑 orbital of V atom and 5𝑑 orbital of WN
atoms next to the V-defect for spin down electrons to be pushed above the Fermi level and the
net magnetic moment is increased three-fold to 3.0 𝜇 𝐵 per V atom. A detailed plots of separated
PDOS for individual atom-orbitals show that W atoms far away from the V-defect exhibit non spin
polarized PDOS like the ones in pristine-WSe2 monolayers. When a three-vacancy complex is
created around the V-defect, an even more extensive region of positive magnetization is seen in
the MDM. The PDOS of three-vacancy case (Fig.4.11e) shows that a large sharp peak appears
just below the Fermi level for the 3𝑑 orbital of V atom and 5𝑑 orbital of WN atoms next to the
V-defect for spin up electrons and the magnetic enhancement is maximized to five-fold (5.0 𝜇 𝐵 per
V atom of net magnetic moment). Looking closer to the MDM picture one can see that the six
nearest W atoms are in antiferromagnetic (AFM) coupling with the V dopant in case of V+WSe2
and V+WSe2 +1vacSe . In case of V+WSe2 +2vacSe , the two nearest W atoms on the same side
of vacancies are in ferromagnetic (FM) coupling whereas four nearest W atoms on the opposite
side of Se vacancies are in AFM coupling with V atom. Similarly, in V+WSe2 +3vacSe , all the
nearest six W atoms are in FM coupling with the V atom as shown in (Fig.4.4). The geometrical
configurations, magnetization density map, and PDOS for the two exceptional cases A and B are
shown in Fig.4.9, and Fig.4.12 respectively.
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Figure 4.9: (a) Geometrical structures of two exceptional cases A and B showing lattice positions
of two Se vacancies in the defect V+WSe2 +2vacSe . (b) 2D contour plot of magnetization density
map (MDM) for two exceptional cases A and B.5
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The total induced magnetic moment in the different defect states is also supported by the total
integrated spin density of states (ISDOS) which is given by Δn= 𝑛↑-𝑛↓, where 𝑛↑, and 𝑛↓ are the
total number of spin up and spin down electrons. The difference in the number of spin up and spin
down electrons (Δn) is giving the net number of unpaired electrons 1.0, 1.0, 3.0, and 5.0 at the
Fermi level for V+WSe2 , V+WSe2 +1vacSe , V+WSe2 +2vacSe , and V+WSe2 +3vacSe respectively
as shown in Fig. 4.13 which gives rise to the ferromagnetic properties in the defect systems under
study. However, the ISDOS value for the pristine-WSe2 at the Fermi level is zero representing its
non-magnetic behavior. Similarly, the ISDOS for the two exceptional cases A and B in the defect
V+WSe2 +2vacSe are shown in Fig.4.14.

4.4

Electronic band structures and band decomposed charge density
In condensed matter physics, the energy levels in the solid can be discrete or can be split

into a near-continuum of levels called as band. The energy levels are occupied by the electrons
according to the Pauli’s exclusion principle, starting with the lowest energy value level. Moreover,
the electronic band structure gives the relationship between the energy of the states with the wave
5In Fig.4.9(b) the total induced magnetic moment is 3.0 𝜇 𝐵 and 1.0 𝜇 𝐵 per V atom for cases A and B respectively.
The color bar indicates the range of magnetic moment from -0.02 𝜇 𝐵 /Å3 (spin down with blue color) to +0.02 𝜇 𝐵 /Å3
(spin up with red color) and green representing zero value of magnetic moment.
6In Fig.4.10, The change in charge density is given by 𝛿𝜌(𝑟) = 𝜌(𝑟)−𝜌 (0) (𝑟), where 𝜌(𝑟) is the charge density of
the system with two Se-vacancies, and 𝜌 (0) (𝑟) is the charge density with a Se atom restored at the second Se-vacancy
site (remote site furthest from V-atom). In case A, the enhancement in magnetic moment (3.0 𝜇 𝐵 ) is due to forward
electron transfer to V-atom from remote Se vacancy. In case B, the reduced magnetic moment (1.0 𝜇 𝐵 ) is due to
reverse electron transfer from V-atom to remote Se vacancy.
7In Fig.4.11, WN represents tungsten atom nearest to vanadium (V) and next to selenide vacancy (vacSe ), WF is
tungsten atom further away from the defect zone, SeN is the nearest selenide atom to V and vacSe1 , vacSe2 , vacSe3
represent the first, second and third Se vacancies clustered around V-atom. The zero of the energy axis represents the
Fermi energy denoted by a red dotted line.
8In Fig.4.12, WN represents tungsten atom nearest to vanadium (V) and next to selenide vacancy (vacSe ), WF is
tungsten atom further away from the defect zone, SeN is the nearest selenide atom to V and vacSe1 , and vacSe2 represent
the first, and second Se vacancies. The zero of the energy axis represents the Fermi energy denoted by a red dotted
line.
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Figure 4.10: Change in charge density due to the second Se-vacancy along (a) top view (001) and
(b) side view (21̄0) planes in the defect V+WSe2 +2vacSe .6
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Figure 4.11: Orbital projected density of states calculated at T = 0 K in (a) pristine-WSe2 , (b)
V+WSe2 , (c) V+WSe2 +1vacSe , (d) V+WSe2 +2vacSe , and (e) V+WSe2 +3vacSe .7

® It is an appropriate way to visualize the wave vector dependence of the energy states.
vector ( 𝑘).
A band gap or energy gap, is an energy range where there is no available electronic states. The
band gap (𝐸 𝑔 ) generally refers to the energy difference between the valence band maximum (VBM)
and the conduction band minimum (CBM) in insulators and semiconductors generally measured
in electron Volt (eV) i.e. 𝐸 𝑔 = 𝐸𝐶 𝐵𝑀 - 𝐸𝑉 𝐵𝑀 . It is the energy required to excite an electron bound
to an atom in the valence band to become a conduction electron, which is free to move within
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Figure 4.12: Orbital projected density of states calculated at T = 0 K for the two exceptional cases
A and B in the defect V+WSe2 +2vacSe .8

the crystal lattice and serve as a charge carrier to conduct electric current. Hence, the band gap
is a major factor which determines the electrical conductivity of a solid. Substances with large
band gaps (𝐸 𝑔 > 2.0 eV) are generally insulators or non-conductors, those with smaller band gaps
(𝐸 𝑔 < 2.0 eV) are semiconductors, while conductors have zero value of band gap (𝐸 𝑔 = 0.0 eV)
because of the overlapping of the VBM and CBM at the Fermi level. The Fermi level is the highest
occupied energy level in the solid that separates the valence band from the conduction band. A
semiconductor can have a direct (D) band gap or an indirect (I) band gap. A direct band gap is
® so that a electron can transit directly
characterized by having the band edges aligned at the same 𝑘,
from the valence band to the conduction band, with the emission of a photon, without changing
considerably the momentum. On the other hand, in the indirect band gap the band edges are not
aligned at the same 𝑘® so the electron transits indirectly to the conduction band via the involvement
of both a photon and a phonon.
In the present study, the electronic band structure reveals the fact that the pristine-WSe2 is non
magnetic with spin up and spin down energy eigen values being degenerate. Here, the valence band
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Figure 4.13: Total integrated spin density of states (ISDOS) in different defect states and pristine
WSe2 integrated upto the Fermi level represented by the dotted red vertical line.

maximum (VBM) and conduction band maximum (CBM) are separated by large forbidden gap (𝐸 𝑔 )
of 1.55 eV with Fermi energy close to the VBM showing the properties of 𝑝 type semiconductors.
When the point defect is created with V atom substitution as well as Se vacancies near the V dopant
the electronic band gap of the system substantially decreases improving the electrical conductivity
of the system. The calculated band gap values are 0.09 eV, 0.20 eV, 0.17 eV, and 0.03 eV in V+WSe2 ,
V+WSe2 +1vacSe , V+WSe2 +2vacSe , and V+WSe2 +3vac𝑆𝑒 respectively. The defect levels appear
near the Fermi level that lie within the band gap of pristine-WSe2 monolayer as shown in Fig. 4.15.
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Figure 4.14: Total integrated spin density of states (ISDOS) in the two exceptional cases A and B
in the defect V+WSe2 +2vacSe integrated upto the Fermi level represented by the dotted red vertical
line.

In all the defect cases under study, it has been found that the band gap along the spin-up channel
is considerably larger than the band gap along the spin-down down channel. This shows the
electronic conductivity is higher along spin-down channel. At the same time, when the defects
are created the resulting electronic structures make the system a dilute magnetic semiconductors
(DMSs). Similarly, the electronic band structures for the two exceptional cases A and B in the
defect V+WSe2 +2vacSe are shown in Fig.4.16. The spin density and the localization of the bands
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near the Fermi level in pristine and different defect states has also been explained on the basis of
band decomposed charge density as illustrated in Appendix. A.4 - A.8. The bands of pristine-WSe2
are delocalized; however, when the defect is created with V-doping and Se vacancies the bands are
localized near the Fermi level which are contributed mainly by the V-dopant and the nearest six
WN atoms. Similarly, the bands deep below the valence band maximum in defect states are also
delocalized just like in case of pristine WSe2 . The particular bands (occupied and unoccupied) near
the Fermi level represented by dashed horizontal black lines are selected from the band structure
plot and the 3D iso-surface plot of charge density of those bands are plotted. The red and blue
colors in band structures and charge density plots are for spin up and spin down states respectively.
The bands selected for charge density are denoted by specific band number shown in the diagrams.

Figure 4.15: Total band structures in pristine and different defect states with red spin up and blue
spin down along high symmetry kpoints of Γ, M, K, and Γ at T = 0 K. The zero of the energy axis
represents the Fermi level shown in dashed horizontal black line.

9In Fig.4.16, the red and blue color represents spin up and down bands along high symmetry k-path of Γ, M, K,
and Γ at T = 0 K. The band gap (Eg ) are 0.23 eV and 0.27 eV for case A and B respectively. The zero of the energy
axis represents the Fermi level shown in dashed horizontal black line.
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Figure 4.16: Total band structures for the exceptional cases A and B in the defect V+WSe2 +2vacSe .
9

4.4.1

FM-AFM competition and Curie temperature (TC )

The magnetic interaction including ferromagnetic (FM), anti-ferromagnetic (AFM), and nonmagnetic (NM) configurations were studied in two different ways, (A) varying impurity concentration and distance between two dopant atoms simultaneously, (B) varying distance between two
dopant atoms at fixed impurity concentration as low as 4.0 %. In case of (A), the supercell of
different sizes 2 × 2 × 1, 2 × 4 × 1, 3 × 6 × 1, 4 × 8 × 1, 5 × 10 × 1, 6 × 12 × 1, 7 × 14 × 1 and
8 × 16 × 1 were considered with impurity concentration 50.0%, 25.0%, 11.1%, 6.2%, 4.0%, 2.8%,
2.0%, and 1.6% respectively were chosen to study the FM-AFM interaction as shown in Fig. 4.17
The spatial position of two V dopant atoms in these supercells were so chosen that they lie at a
furthest distance satisfying the periodic boundary conditions (PBC) in the 𝑎𝑏 directions. All the
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Figure 4.17: Modeled supercell of different sizes 2 × 2 × 1 (50.0 %), 2 × 4 × 1 (25 %), 3 × 6 × 1
(11.1 %), 4 × 8 × 1 (6.2 %), 5 × 10 × 1 (4.0 %), and so on with varying V-doping concentration in
(%) and V-V distances (d). The blue atom represents the doped atom V.

internal coordinates and atom positions of these supercells were fully relaxed in each FM, AFM,
and NM configurations using the gamma centered k-mesh of 12 × 12 × 1, 12 × 6 × 1, 10 × 5 × 1,
8 × 4 × 1, 6 × 3 × 1, 4 × 2 × 1, 2 × 1 × 1, and 1 × 1 × 1 respectively. The ferromagnetic stability in
the supercell is determined by the total energy difference between antiparallel (AFM) and parallel
(FM) spins or the exchange coupling given by ΔE=𝐸 𝐴𝐹 𝑀 -𝐸 𝐹 𝑀 . If the difference is positive, the
FM configuration is more stable and if the difference is negative, the AFM configuration is more
stable. It can be predicted from our calculations that the magnetic coupling in V-doped defect in
WSe2 monolayer is very sensitive to the impurity concentration and the distance between the two
dopant atoms. The magnetic coupling is strongly FM at high impurity concentration of 50.0 %
and the ferromagnetism decreases with the increasing V-V distance and decreasing concentration
of V-atom as shown in Fig. 4.18c.
10In Fig.4.18(c), 𝐸 𝐴𝐹 𝑀 − 𝐸 𝐹 𝑀 represents energy difference between anti-ferromagnetic (AFM) and ferromagnetic
(FM) case shown in blue curve. 𝐸 𝑀 − 𝐸 𝑁 𝑀 represents energy difference between magnetic (AFM or FM) and
non-magnetic (NM) states which shows the FM interaction is more stable than AFM at high V impurity concentration
(less V-V distance) and almost the same interaction at low impurity concentration (large V-V separation).
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Figure 4.18: Illustration of (a) Ferromagnetic (FM), (b) antiferromagnetic (AFM) configurations
in 2 × 2 × 1 supercell with impurity concentration (V = 50.0%) , and (c) FM-AFM interaction at
varying V-doping concentration and V-V distance. 10

The Curie temperature TC is estimated in ferromagnetic cases via the mean field approximation
(MFA) using Eqn. 4.6 when V-doping concentration varied with V-V distances (Fig.4.19a),
3
𝐾 𝐵𝑇𝑐 = (𝐸 𝐴𝐹 𝑀 − 𝐸 𝐹 𝑀 )/𝑁
2

(4.6)

where, ΔE = 𝐸 𝐴𝐹 𝑀 -𝐸 𝐹 𝑀 is the absolute value of exchange coupling, 𝐾 𝐵 = 1.38×10−23 J/K is the
Boltzmann constant, 𝑁 is the number of V dopants in the monolayer of WSe2 . We predicted that
the TC decreases with decreasing impurity concentration with increasing V-V distance (Fig. 4.19a).
Usually, the calculated value of TC using MFA overestimates the experimental TC as observed in
previous reports [5] though the actual value of TC in case of V doped WSe2 is not available in
the literature reports. The reason for overestimation is due to the spin waves (magnons) which
are the magnetic analogues to the elastic lattice vibrations (phonons). So, TC in MFA is given
by the average value of magnon energies and these magnons are approximated with equal weight
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in MFA [132, 81]. Also, the magnetization density i.e. the magnetic moment per unit mass or
volume [33] and the local magnetic moment on the two V atoms doped simultaneously on the same
supercell, decreases with the decreasing impurity concentration and increasing V-V separation. The
local magnetic moment; however, remains the same on both the V dopants in each of particular
case (Fig. 4.19b).

Figure 4.19: (a) Theoretical estimation of Curie temperature (TC ) with varying V-doping concentration and V-V distance, (b) The local magnetic moments (m) on two doped vanadium atoms
represented by V1 , V2 and the magnetization density (M).

In case of (B), we modeled the supercell size of 5 × 10 × 1 at constant V impurity concentration
of 4.0 % Fig. 4.20a to study the FM-AFM interaction with varying V-V separation where the
similar trend of dominating ferromagnetic interaction was observed when the spatial positions of
two V dopants was varied from the nearest neighbor (NN) distance to the furthest distance of
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16.62Å within the same supercell. In this case, the doped pair is denoted by V(0,i) where one V
atom occupies the fixed position at (0,0) and the other V atom is migrated at the position of W
atom marked with i = 1-11 within the supercell. Our numerical calculations show that the two V
atoms tends to cluster at the nearest neighbor (NN) separation which is the equilibrium separation
determined by the spatial positions (0,0) and (0,1) for the two V atoms at all NM, FM, and AFM
configuration (Fig. 4.20b) since they have the minimum energy value at NN separation. We are
not only interested to see the magnetic interaction at the nearest V-V separation but also when
they are situated at the furthest distance from each other at constant impurity concentration and we
observed that the ferromagnetism is mostly dominant in all range of V-V separation. So, in this case
also, FM interaction dominates AFM inetraction and the trend of ferromagnetism decreases with
increasing V-V separation (Fig. 4.20c). Thus, Fig. 4.18c and Fig. 4.20c provide strong evidence
for the existence of long range ferromagnetism in V doped WSe2 monolayer.

Figure 4.20: (a) Supercell model of size 5 × 10 × 1 with fixed V-doping concentration (4.0%), (b)
FM, AFM, and NM energy configurations for different V-V separations. (c) FM-AFM competition
at varying V-V distance with fixed impurity concentration.11

51

4.5

Conclusion
Using first principles density functional theory (DFT), we have explored the tunable electronic

and magnetic properties via Vanadium (V) substitution and chalcogen (Se) vacancy defect in 2D
WSe2 monolayer. Our numerical calculations predict the long range ferromagnetism in V doped
WSe2 monolayer. The ferromagnetism further escalates when the number of Se vacancies were
created and clustered around the impurity atom V and raises the net magnetic moment of 5.0𝜇 𝐵
per V atom when the number of Se vacancies is ≥ 3.0. However, the defect systems with number
of Se vacancies > 4 are excluded in this study because of their highly unstable nature. Further, the
projected DOS and electronic band structure reveals the fact that the defect systems exhibits the
properties of dilute magnetic semiconductors (DMS) with improved electrical conductivity where
the defect levels appear within the band gap of pristine WSe2 . The band decomposed charge density
indicates that the bands near the Fermi level are strongly delocalized in the case of pristine WSe2 .
When the defect is created these bands are localized and are mainly contributed by V atom and the
nearest neighbor W atoms. Because of significant ferromagnetic properties with high magnetic
moment value, this type of defect 2D materials are supposed to have their applications in magnetic
storage devices and permanent magnets.

11In Fig.4.20(a), the two V-atoms are doped in 5 × 10 × 1 supercell, where one V atom is fixed at position (0,0) and
the other V atom is migrated at different spatial position represented by (0,i), i= 1, 2, 3, ..., 11. In Fig.4.20(b), the two
V dopants satisfy the nearest neighbor separations at all magnetic states (FM, AFM, and NM). In Fig.4.20(c), the blue
color represents the FM interaction is more dominant over AFM interaction at all the V-V separations; however, the
ferromagnetism decreases with increasing V-V distance.
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CHAPTER V
ENGINEERING 2D MONOLAYER STRUCTURE IN II-V BINARY COMPOUNDS ZNX (X =
AS, SB, AND BI)

5.1

Introduction
In the quest of searching new 2D materials beyond graphene that has unique physical, electro-

chemical, and optical properties; the theoretical structural and electronic properties of bulk and
possible 2D monolayer structures of ZnX (X= As, Sb, and Bi) has been carried out in this chapter.
The discovery of free standing single layer graphene in 2004 [115, 46] has led to the design and
synthesis of the new 2D materials with diverse electro-magnetic, thermo-electric, and topological
characteristics [9, 92, 136, 91, 60, 164]. Similarly, 2D materials also exhibit profound applications
in optoelectronics, nanoelectronics, and spintronics [85, 139, 11, 116, 90]. A new class of 2D material MXenes (metal carbides or nitrides) was discovered which is a promising electrode materials
for Li-ion batteries, and capacitors [87, 88, 141]. The successfully synthesized 2D materials so far
have already been discussed in introduction chapter of this thesis.
It has been proved already from the previous studies that the bulk orthorhombic structures of
ZnX are non-toxic, promising semiconducting material because of their unprecedented thermoelectric, and strong anisotropic transport properties. Moreover, it is known for its relative phase
stability and high charge carrier mobility and Seebeck coeficient [17, 57, 129]. The stoichiometric
compound, 3D-ZnX that belongs to the space group 𝑝𝑏𝑐𝑎 (𝑛𝑜 61) is stabilized in the form of CdSb
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type with 8 formula units in which (Zn, X) atoms occupy the Wyckoff position (8c, 8c) in the crystal
lattice with layered rhomboid rings of Zn2 X2 as shown in Fig. [18, 6, 99]. It has been identified
as an electron poor semiconductor with only seven valence electrons per formula unit [131]. The
electronic band structure of the compound is characterized by multi-valley bands with narrow band
gap in ZnAS, and ZnSb and zero band gap in ZnBi. In a view to explore graphene like properties
in 2D-ZnSb; recently, Junseong Song et al. successfully synthesized 𝑠𝑝 2 hybridized 2D-ZnSb
via the dimensional manipulation of 𝑠𝑝 3 hybridized 3D-ZnSb (bulk), and the selective etching
of alkali metals [134]. They mentioned the structural stability of the 2D-ZnSb in an ambient
atmosphere, and reported the structural phase transformation from 3D-ZnSb to 2D-ZnSb. Such
type of transformation of crystal structure between two different dimensions is the key factor for
the recognition of new material or switching the properties of 2D materials.
This chapter deals with the structural and electronic properties of the II-V group binary Zintl
phase compounds ZnX (X = As, Sb, and Bi). The semiconducting II-V compounds have been
considered as a potential candidates from technological and scientific point of view. ZnX based
compounds have been widely used as solar cells [59], infrared magnetotransmitters [94], ultrasonic
transducer [74], Hall generators [135], thermoelectric materials [112], Li-ion battries [80]. Here,
we have investigated the structural and electronic properties of bulk ZnX (X = As, Sb, and Bi)
and simulated the novel 2D monolayers (MLs) from these bulk structures. We observed wide
band gap in ML ZnX structures. We further proved the dynamical stability of ZnX-monolayers
via the manifestation of absence of imaginary modes in phonon dispersion curves (PHDCs). II-V
semiconductors pose some pecularity in their bonding and electronic properties while going from
bulk to their monolayer structure. The reduced electron concentration of 3.5 valence electrons
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per atom instead of 4 still realizes the semiconducting properties except for bulk ZnBi which
exhibits metallic properties. To the best of our knowledge, no optimized structures and electronic
properties for ML of ZnX have yet been reported. This work is supposed to be the foundation for
the experimental and theoretical researchers for the further investigations of our proposed structural
and electronic properties of these materials in future.

5.2

Computational method
We have performed the first principle calculations based on density functional theory (DFT)

using the projector augmented wave (PAW) method within the generalized gradient approximation
(GGA) as employed in VASP to investigate the structural and electronic properties of the II-V
compounds ZnX, where X = As, Sb, and Bi. The calculations employed the Perdew-BurkeErnzerhoff (PBE) exchange-correlation functional within GGA. The plane wave energy cut-off
of 525 eV was used for all the calculations. The orthorhombic unit cell structures of ZnX were
fully relaxed including the lattice vectors, and atom positions during the structural optimization
using the conjugated gradient method until the total energy was converged numerically to less than
1.0 × 10−8 eV per unit cell and the force on each atom was less than 10−3 eV/Å. The Brillouin zone
integrations for the geometrical relaxations are performed using Monkhorst-pack grid with k-mesh
of 7 × 5 × 5, 7 × 5 × 5, and 8 × 6 × 6 for ZnAs, ZnSb, and ZnBi respectively. The k-mesh values are
increased to 14 × 10 × 10, 14 × 10 × 10, and 16 × 12 × 12 for ZnAs, ZnSb, and ZnBi respectively in
the self-consistent calculations for the accurate description of charge density and density of states
(DOS). For the geometrical relaxations of the isolated primitive monolayers of the studied ZnX
compounds, the brillouin zone sampling was performed with 16 × 8 × 1 with the vacuum length
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over 24 Å such that the inter-layer interaction can be safely ignored. All the calculations were
spin polarized using the tetrahedron method of Blöchl correction with the smearing width of 0.05
eV [53].
Phonon frequency calculations were performed within the framework of supercell approach
using density functional perturbation theory (DFPT) as employed in the phonopy code [144] in
which the force constants were calculated using the VASP. The supercell was so chosen to ensure
that there is no self interaction of the displaced atom with itself due to periodic boundary condition
(PBC). To reach the accuracy on our results, 2 × 2 × 2 supercell consisting of 32 atoms and 3 ×
3 × 1 supercell consisting of 54 atoms were adopted for the 3D bulk and 2D monolayer of ZnX
structures along with 4 × 4 × 4 and 2 × 2 × 1 Monkhorst pack k-points respectively. During the
calculation of phonon frequency, the convergences of total energies and the maximum force of
ionic relaxation were set to be less than 10−8 eV/atom and 10−3 eV/Å.

5.3 Results and Discussions
5.3.1 Structural and elastic properties
ZnX (X = As, Sb, and Bi) at room temperature has isostructural properties with CdSb whose
crystal symmetry is identified by orthorhombic space group 𝑝𝑏𝑐𝑎 (𝑛𝑜 61). A unit cell of bulk ZnX
comprises of 16 atoms with 8 Zn atoms and 8 X (As, Sb, Bi) atoms occupying the Wyckoff positions
of (8c, 8c) for (Zn, X). The relaxed geometrical structure of bulk ZnX are shown in Fig. 5.1. The
structure of ZnX can be regarded as an edge sharing arrangement of ZnX4 tetrahedra and a peculiar
five fold coordination of one like and four unlike atoms. However, these compounds are further
illustrated with the planar rhomboid rings of Zn2 X2 in which two layers of rhomboid rings along the
𝑐-direction are related by gliding operation. The crystal structure of ZnX appears to be composed
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of bitetrahedral entities in which one tetrahedra is inverse of its adjacent tetrahedral structure
connected by a rhomboid ring (parallelogram) WXYZ as shown in Fig. 5.2. Here, the shortest
Zn-Zn bond acts as one of the diagonals in rhomboid ring. Further, the chain of rhomboid rings
are interconnected in the structure through the two shortest Zn-X bonds of 2.499 Å in ZnAs, 2.689
Å in ZnSb and 2.795 Å in ZnBi. The angles between each X-Zn-X are also annotated in Fig. 5.2.
We noticed that the angles are close to those in regular tetrahedron, 109.5𝑜 . Even though the ZnX
structure has five fold coordination, we can still expect that ZnX satisfies the tetrahedron rules to
some extent. ZnX has seven valence electrons per formula unit whereas a regular tetrahedral binary
semiconductor has eight valence electrons. Such electron poor valence often indicates a metallic
bond like in case of ZnBi. The semiconducting behaviour in ZnAs, and ZnSb is probably due to
𝑠𝑝 3 hybrid orbitals in the tetrahedron that often represents a semiconducting bond. ZnX thereby
has been classified as an electron poor framework semiconductor (EPFS) [40]. The optimized
lattice parameters (𝑎, 𝑏, 𝑐, and 𝛼, 𝛽, 𝛾), axial ratio (𝑏/𝑎, and 𝑐/𝑎), equilibrium volume (𝑉𝑜 ),
0

interlayer distance (𝑑), bulk modulus of elasticity (𝐵𝑜 ), pressure derivative (𝐵𝑜 ), and the value of
band gap (𝐸 𝑔 ) for bulk ZnX (𝑋 = 𝐴𝑠, 𝑆𝑏 and 𝐵𝑖) are reported in the Table. 5.1. Our calculated
value of bulk modulus (𝐵𝑜 ), 47.25 GPa at T = 0 K for bulk ZnSb is slightly underestimated from
the experimental value of 54.75 GPa measured at T = 300 K; however, it is in close agreement
with the reported value of 47.35 GPa calculated using GGA-PBE [61]. Also, the optimized lattice
parameters (𝑎, 𝑏, and 𝛼, 𝛽, 𝛾), axial ratio (𝑏/𝑎), and the value of band gap (𝐸 𝑔 ) for 2D monolayer
of ZnX (X = As, Sb, Bi) are represented in Table 5.2.
The relaxed unit cell obtained from full structural optimization was expanded and compressed
uniformly around the equilibrium volume. We optimized these expanded or compressed structures
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Table 5.1: The optimized lattice parameters (𝑎, 𝑏, 𝑐, and 𝛼, 𝛽, 𝛾), axial ratio (𝑏/𝑎, and 𝑐/𝑎),
equilibrium volume (𝑉𝑜 ), interlayer distance (𝑑), bulk modulus of elasticity (𝐵𝑜 ), pressure derivative
0

(𝐵𝑜 ), and the value of band gap (𝐸 𝑔 ) for bulk ZnX (X = As, Sb, and Bi). The reported experimental
results retrieved from the reference [8] are given in a bracket in parentheses.
Properties

ZnAs

ZnSb

ZnBi

𝑎(Å)

5.750 (5.679)

6.284 (6.218)

6.536

𝑏(Å)

7.336 (7.277)

7.817 (7.741)

8.113

𝑐(Å)

7.653 (7.559)

8.226 (8.114)

8.501

𝑏/𝑎

1.276 (1.281)

1.244 (1.245)

1.242

𝑐/𝑎

1.331 (1.331)

1.309 (1.305)

1.301

90.00

90.00

90.00

322.79 (312.4)

404.17(390.60)

450.78

𝑑 (Å)

1.781

2.02

2.167

𝐵𝑜 (GPa)

61.86

47.25

38.47

𝐵𝑜

4.87

5.01

5.65

𝐸 𝑔 (eV)

0.28

0.03 (0.50)

0.00

𝛼=𝛽=𝛾 (𝑜 )
𝑉𝑜 (Å3 )

0
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Table 5.2: The optimized lattice parameters (𝑎, 𝑏, and 𝛼, 𝛽, 𝛾), axial ratio (𝑏/𝑎), and the value of
band gap (𝐸 𝑔 ) for 2D monolayer of ZnX (X = As, Sb, Bi).
Properties

ZnAs

ZnSb

ZnBi

𝑎(Å)

4.649

4.544

4.639

𝑏(Å)

8.135

8.812

8.892

𝑏/𝑎

1.750

1.939

1.917

𝛼 (𝑜 )

89.76

90.39

89.46

𝛽=𝛾 (𝑜 )

90.00

90.00

90.00

𝐸 𝑔 (eV)

1.52

0.94

0.63

separately at constant volume and calculated self consistent energy value for each structure to
generate a set of energy-volume data. Then, we fitted the total energy per unit cell as a function of
volume using the 3𝑟 𝑑 order Birch-Murnaghan [16, 44] isothermal equation of state using Eqn. 5.1
0

to determine the value of bulk modulus (𝐵), and pressure derivative (𝐵 ) of the material.
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where 𝐸 is the total energy, and 𝐸 𝑜 the total equilibrium energy per unit cell at zero pressure, 𝐵𝑜
9𝑉𝑜 𝐵𝑜
𝐸 (𝑉) = 𝐸 𝑜 +
16

the equilibrium bulk modulus of elasticity, 𝑉 the unit cell volume, 𝑉𝑜 the equilibrium volume of the
unit cell and 𝐵0𝑜 the first derivative of the bulk modulus with respect to 𝑉. Our numerical analysis
shows that the value of 𝐵𝑜 decreases with the increasing size of pnictides (As, Sb and Bi)
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Figure 5.1: Bulk 3D geometrical structure of orthorhombic ZnX along plane (a) (100), (b) (010),
and (c) (001) in (A) ZnAs, (B) ZnSb, and (C) ZnBi.

5.3.2

Formation enthalpy and exfoliation energy

In this section we have reported the formation enthalpy and the exfoliation energies of the bulk
ZnX (X = As, Sb, and Bi). The formation enthalpy of ZnX was calculated using the Eqn. 5.2.

Δ𝐸 (𝑍𝑛𝑋) = 𝐸 (𝑍𝑛𝑋) −

1
[𝑁 𝑍𝑛 𝐸 (𝑍𝑛) + 𝑁 𝑋 𝐸 (𝑋)]
𝑁
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(5.2)

Figure 5.2: Structural fragments showing tetrahedral configuration in bulk (a) ZnAs, (b) ZnSb,
and (c) ZnBi

where E(ZnX), E(Zn) and E(X) are the calculated equilibrium energies in eV/atom of the
corresponding bulk phases of ZnX (X= As, Sb, and Bi) compounds in which hexagonal structures
𝑍𝑛(3𝑑 10 4𝑠2 ) belongs to the space group 𝑃63 /𝑚𝑚𝑐(𝑛𝑜 194), 𝐴𝑠(4𝑠2 4𝑝 3 ), 𝑆𝑏(5𝑠2 5𝑝 3 ), and 𝐵𝑖
(6𝑠2 6𝑝 3 ) elements both belong to the space group 𝑅 3̄𝑚(𝑛𝑜 166). 𝑁 𝑍𝑛 is the number of Zn atoms,
𝑁 𝑋 the number of As, Sb, and Bi atoms, and 𝑁 the total number of atoms including both Zn and
X in the unit cell. The computed value of formation energy using DFT-GGA for ZnAs, ZnSb, and
ZnBi are -0.53, -0.032, and 0.10 eV/atom respectively. According to available literature reports, the
experimental values of formation enthalpy for ZnSb is from -0.07 to -0.09 eV/atom. Our calculated
value of formation energy for ZnSb is relatively higher; however, it is in close agreement with the
calculated value of Philippe Jund et al. (about -0.035 eV/atom) using DFT-GGA [61]. It means
DFT-GGA calculation overestimates the value of formation energy in comparison to experimental
value.
To study the monolayer feasibility in ZnX, we first calculated the ground state energies of the
two different monolayers exfoliated from plane 𝑃 and 𝑄 in each bulk structure of ZnX as shown
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in Fig. 5.3. Then, the exfoliation energy was computed following the procedures described in the
paper [62] as given by Eqn. 5.3:

𝐸 𝑒𝑥 𝑓 =

𝐸 𝑀 𝐿 𝐸 𝐵𝑢𝑙 𝑘
−
𝑁 𝑀 𝐿 𝑁 𝐵𝑢𝑙 𝑘

(5.3)

We predicted that breaking bulk ZnX structures along plane 𝑃 is energetically favorable than
breaking along plane 𝑄. The calculated energy difference Δ𝐸 = 𝐸𝑄 -𝐸 𝑃 breaking along the plane
𝑄 and 𝑃 were found to be 1.59 eV, 1.657 eV and 1.17 eV for ZnAs, ZnSb and ZnBi respectively.
Then we chose the energetically favored and fully relaxed monolayer (ML) structure exfoliated
along the plane 𝑃 for further calculations in our study. Also, the calculated exfoliation energy
(𝐸 𝑒𝑥 𝑓 ) breaking along the plane 𝑃 were 177.65 meV, 139.00 meV [142] and 64.00 meV for ZnAs,
ZnSb and ZnBi respectively which are well below the exfoliation energy criterion of 200 meV for
the feasibility of the monolayer [21].

5.3.3

Electronic properties

The electronic properties of bulk ZnX structures have been performed via the calculation of
valence charge density(𝜌) in Fig.5.4a, charge density difference (Δ 𝜌) in Fig.5.4b given by the
mathematical expression as Δ𝜌 = 𝜌 𝑍𝑛𝑆𝑏 - 𝜌 𝑍𝑛 - 𝜌 𝑆𝑏 , and Electron Localization function (ELF)
in Fig.5.4c. Necessarily, we computed the value of 𝜌 𝑍𝑛 , and 𝜌 𝑆𝑏 considering a fixed geometry
or lattice parameters on which we calculated 𝜌 𝑍𝑛𝑆𝑏 . Similarly, Electron Localization Function
(ELF) by definition refers to the probability of finding an electron in the neighborhood of another
electron with the same spin. It takes the value ranging from 0.0 to 1.0, where 0.5 represents
1In Fig.5.3, ℎ1 and ℎ2 represents the buckling height of the X (As, Sb, and Bi) atoms buckled upward and downward
respectively with reference to Zn-plane.

62

Figure 5.3: (a) Schematic diagram of 3D bulk structure of ZnAs, ZnSb and ZnBi showing breaking
plane of 𝑃 and 𝑄 to extract possible monolayer. (b) Relaxed 2D ML structures of ZnAs, ZnSb,
and ZnBi showing side view along (100) and (c) top view along (001) plane respectively breaking
through energetically easy plane 𝑃.1

homogeneous electron gas. Thus, ELF of 1.0 corresponds to perfect localization and ELF of 0.5
to perfect delocalization. It has been a powerful tool since it was introduced in 1990 by Becke and
Edgecombe [14] to analyse the localization of parallel spin electrons in atoms, molecules, and solids
thus providing the quantitative description of Pauli’s Exclusion Principle. In order to elucidate the
region of localized electrons, a 2D ELF map along the sliced plane (001) is plotted with chosen
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value of 0.65 in the present calculations. The ELF basins, the regions where the probability of
finding a pair of electrons is maximum [124], are localized around the X atoms in all the structures
indicating some degree of ionic nature in Zn-X bond and the strong covalency in X-X bond. This
confirms that the electronegative X atom satisfies the octet configuration via the formation of lone
pair localization with the electropositive Zn atom. Similarly, the electronic density of states (DOS),
and band structures are calculated in each bulk and ML case. Here, we showed our interests to
present the total and partial DOS pictures of energetically favored ZnX monolayers. Qualitatively,
the 2D contour plots of charge denisty and ELF elucidate the structural properties and nature of
bonding in ZnX in terms of the Zintl-Klemm principle, where Zn2+ acts an electron donor and
X2− an electron acceptor. X2− itself does not satisfy octet electronic configuration so that it is
covalently bonded to another X2− forming a X4−
2 dimer. This picture can be explained in the ELF
plot where the lone electrons in the vicinity of X atoms can be clearly observed as well as the
localization of charge between them contribute to the formation of X4−
2 . Since, the charge density
difference is localized in the region between Zn and X, it can be speculated that there is strong
covalent interaction. Also, the collection of some amount of positive and negative charges around
Zn and X atoms respectively indicates that a small quantity of charge has been transferred from Zn
to X atoms.
In addition the total and partial DOS (atomic and orbital projected DOS), and electronic band
structures reveal clear picture of the electronic properties of the bulk (3D) and monolayer (2D)
ZnX compound from which it can be confirmed that the bulk ZnAs and ZnSb are narrow band
2In Fig.5.4, the charge density value ranges from minimum -0.40 (blue) to maximum +0.40 (red) in the unit of
3
3
𝑒/Å and Δ𝜌 ranges from minimum -0.03 (blue) to maximum +0.03 (red) 𝑒/Å and the value of ELF ranges from 0
to 0.65
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Figure 5.4: 2D contour plot of (a) valence charge density, (b) charge density difference (Δ𝜌), and
(c) Electron Localization Function (ELF) in bulk (A) ZnAs, (B) ZnSb, and (C) ZnBi along plane
(001). 2
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gap semiconductors and bulk ZnBi is a metal using DFT-GGA. From the atom projected DOS
Fig. 5.5, we observed that the electronegative atom X has more contribution near the Fermi level.
In bulk ZnAs, Zn-𝑠,𝑝 and As-𝑠,𝑝 contribute more at the conduction band minimum (CBM) with
major contribution from As atom. Similary, As-𝑝 and Zn-𝑠,𝑝 have more contribution at valence
band maximum (VBM). In case of ZnSb, Zn-𝑝 and Sb-𝑝 contribute more at VBM and Zn-𝑠,𝑝 and
Sb-𝑠,𝑝 contribute more at the CBM; however, in case of bulk ZnBi, Bi-𝑝 and Zn-𝑠,𝑝 have major
contribution at the Fermi level. The overlapping of the CBM and VBM at Fermi level in ZnBi
indicates its metallic properties. Consequently, the significant 𝑑 − 𝑝 hybridization between Zn-3𝑑
and X-5𝑝 orbitals in the region of -4 eV to +4 eV implies the formation of strong covalent bonding
between Zn and X atom just like in ZnSb. From DOS of bulk ZnX, the valence 𝑠 electrons of X
were localized well below the Fermi level whereas Zn has its valence 𝑠 electrons in the valence
band edge nearest to the Fermi level in ZnAs; however, in bulk ZnBi, the partially filled 𝑠 orbitals
were localized at the Fermi level which is the cause of greater tendency of Zn than X atom to
form tetrahedral coordination in the structure. From the electronic band structure calculations, we
observed that the bulk ZnAs and ZnSb are semiconductors with narrow and indirect band gap of
0.28 eV and 0.03 eV whereas bulk ZnBi exhibits metallic properties at the ambient pressure of 0
GPa. The band structure is characterized by multivalley features in conduction band in ZnAs and
ZnSb, and distinct hole and electron pockets can be observed in ZnBi along the high symmetry path
Γ-X and Γ-Z respectively (Fig. 5.6). Our calculated value of band gap 0.03 eV in bulk ZnSb using
GGA-PBE is too small in comparison to experimental value of 0.50 eV. It is because of the fact that
the standard PBE significantly underestimates the value of band gap; however, this value agrees to
the value of 0.03 eV, and 0.05 eV obtained by Jund et al. [61], and Benson et al. [15] respectively
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calculated using the same PBE parameterization. In order to enhance the calculated value of band
gap in ZnSb, Niedziolka and Jund employed a Heyd-Scuseria-Ernzerhof (HSE) hybrid functional
and obtained the calculated band gap of 0.56 eV [52, 112]. In 1978, Yamada calculated the band
structure of ZnSb by using an empirical-pseudopotential method (EPM) developed by Cohen and
Heine and obtained an improved band structure with an indirect band gap of 0.6 eV [157, 167].
We established the possible feasibility and stability of monolayer (ML) structures in binary
compounds ZnX (X = As, Sb, and Bi) based on exfoliation energy criterion and the absence
of imaginary modes in phonon dispersion bands. We further analyzed the structural geometry,
bonding, and electronic properties of these monolayers. Our calculated values of optimized
lattice parameters, axial ratio (𝑏/𝑎, 𝑐/𝑎), band gap (𝐸 𝑔 ) for bulk and energetically favored ML
structures of ZnX are represented in table I. The crystal symmetry of ZnX has been changed from
𝑝𝑏𝑐𝑎(𝑛𝑜 61) in bulk to 𝑝21 /𝑐(𝑛𝑜 14) in 2D monolayer. Further, the 2D monolayer structures of
ZnX are characterized by four Zn and four X atoms occupying the Wyckoff position of 4𝑒 and 4𝑒
respectively which constitute a chain of Zn2 X2 rhomboid ring connected through the X-X dimers
along 𝑎𝑏 plane as shown in Fig.16(b,c). The total DOS and electronic band structures represent
the monolayer of ZnX is semiconductor with substantial band gap of 1.52 eV in ZnAs, 0.94 eV
in ZnSb [142] and 0.63 eV in ZnBi respectively. Interestingly, the nature of band gap remains
indirect while going from 3D bulk to 2D monolayer in ZnAs ; whereas the nature of band gap is
direct in ML structures of ZnSb and ZnBi; surprisingly, the ZnBi structure undergoes electronic
transition from metal to semiconductor while going from 3D bulk to 2D monolayer. The summary
plot indicating band gap (𝐸 𝑔 ) value for bulk and ML ZnX structures are shown in Fig. 5.7
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Figure 5.5: Total DOS and orbital projected DOS for bulk (A) ZnAs, (B)ZnSb and (C) ZnBi
calculated at T = 0 K. In all the plots, zero of energy axis represents the Fermi level which is
indicated by dashed vertical red line.

5.3.4

Phonon dispersion curves and dynamical stability

We computed the phonon dispersion curves (PHDCs) to validate the dynamical stability of
the ZnX bulk and ML structures (Fig.5.8). PHDCs are plotted along high symmetry points of
irreducible brillouin zone (BZ) boundaries using the phonopy code based on density functional
perturbation theory (DFPT) [144]. DFPT approach explicitly calculates second order derivative of
energy and interatomic harmonic force constants. The three acoustic modes in bulk ZnX are triply
degenerate at Γ point which is the center of brillouin zone and triply degenerate at Γ and 𝑍 in ML
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Figure 5.6: Electronic band structure plots for ZnX-Bulk and ZnX-ML, where X = As, Sb and Bi.
Zero of energy axis represents the Fermi level which is indicated by dashed horizontal red line.

structures. The highest optical frequencies in both the bulk and ML ZnX decrease with the increase
in the mass of the pnictide atoms from As to Bi. The computed vibrational frequencies throughout
the brillouin zone do not show any imaginary component validating the dynamical stability of
both the bulk and ML structures of ZnX. The experimental data of the phonon spectrum for these
materials are not yet available, our calculations provides the impetus or further experimental and
theoretical investigations of the proposed materials in the present study.

5.4

Conclusion
The orthorhombic structures of bulk ZnX (X= As, Sb and Bi) are the potential candidates for

novel 2D structures. In this chapter we tried to show the feasibility and the stability of the 2D
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Figure 5.7: The band gap, 𝐸 𝑔 (eV) in bulk and monolayer ZnX (where, X = As, Sb, and Bi).

monolayer structures of such compounds using density functional theory. From our numerical
calculations it has been predicted that the symmetry group of the structures has been surprisingly
reduced from bulk-𝑝𝑏𝑐𝑎 to monolayer-𝑝21 /𝑐(𝑛𝑜 14) after geometrical relaxations. The exfoliation
energy values for the ZnX structures indicate the feasibility of 2D structures and the absence
of imaginary modes in the phonon dispersion curves represent the dynamical stability of such
materials. The electronic band structures and DOS reveal the fact that the 2D-ZnX structures
are semiconductors with direct and sizable band gap except in 2D-ZnAs which demonstrates
semiconducting properties with indirect band gap. Becaue of sizable and almost direct band gap,
these materials can find niche applications to prepare LASERs [148], LEDs [27], transistors [10],
etc.
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Figure 5.8: Total DOS and orbital projected DOS of primitive ML structures of (A) ZnAs, (B)
ZnSb, and (C) ZnBi calculated at T = 0K. Zero of energy axis represents the Fermi level which is
indicated by dashed vertical red line.
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Figure 5.9: Phonon dispersion curves along high symmetry kpoints for ZnX-Bulk and ZnX-ML,
where X = As, Sb, and Bi.
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CHAPTER VI
THEORETICAL EXPLORATION OF TWO-DIMENSIONAL ELECTRIDES IN
TRANSITION METAL-RICH MONO-OXIDES AND CHALCOGENIDES

6.1

Introduction
Electrons are considered as the fundamental subatomic particles associated with atomic or

molecular orbitals. Unlike these electrons, there exists some materials with solvated or trapped
electrons [125] and F-centers observed for more than a century. Solvated electrons have been
discovered when alkali metals are dissolved in several amine and ether solvents. An F-center,
Farbe center or color center is a type of crystallographic defect in which an anionic vacancy in a
crystal lattice is occupied by one or more unpaired electrons [126]. These trapped electrons spread
over a large area rather than being confined to any single atom or sharing with atoms. Fig. 6.1 b, and
c illustrates free electrons in metals occupying the position in octahedral or tetrahedral site and in
interstitial position with strongly localized atomic orbitals respectively. Those compounds in which
the electrons are confined in the crystal void spaces or interstitial positions that neither belong to any
atom nor to any bonds are called electrides [29]. In other words, electrides are a class of materials in
which anionic electrons are spatially separated from the positively charged crystalline framework. It
is clear that electrides can exist in various distinguished forms such as (a) Sodium in liquid ammonia,
(b) F-center in alkali halide, (c) free electrons in metals of materials in which electrons serve as
anions [110]. Because of loosely trapped free electrons, electrides have unique properties such as
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high hyperpolarisabilities, high magnetic susceptibilities, highly variable conductivities, extremely
low work-functions, low temperature thermionic emission, and a very strong reducing agent based
on the shape, position, and nature of trapped anionic electrons [28, 36, 76]. Given unique structure,
and properties, electrides possess various potential applications, such as superconductivity [103],
opto-electronics [100], spintronics [170], and catalysis [168].

Figure 6.1: (a) Map of synthesized and predicted 2D electrides, (b) anionic electrons trapped
in octahedral and tetrahedral site in metal (c) anionic electrons occupying interstitial position in
crystal structure [29].

The first successfully synthesized organic electride was made by dissolving an alkali metal (Li,
Na, K) in a solution of crown ether [37]. Crown ethers are cyclic chemical compounds consisting
0

of a ring with several ether groups (R − O − R , here R represents alkyl or aryl group); however,
the thermal instability and sensitivity to air and water are the challenges to the synthesis of the
organic based electrides. As a consequence, these challenges provoked the searching for more
stable, inorganic electrides [66]. Subsequently, the first stable inorganic electride 12CaO.Al12 O3
was discovered in 2003 at room temperature [96]. Thus, the nature of anionic electrons can be
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identified as solvated, organic and inorganic that belongs to the class of zero-dimensional (0D) such
as Ca3 Pb [165], one dimensional (1D) such as [La8 Sr2 (SiO4 )6 ] 4+ : 4e− , two-dimensional electride
(2D) such as dicalcium nitride (Ca2 N) and diyttrium carbide (Y2 C) and three-dimensional (3D)
electride such as Ca2 C [166]. The advantages of 2D and 3D electrides over 0D and 1D electrides
are mainly in terms of strong localization of the anionic electrons and the significant conductivity
of the material. The electronic and magnetic properties of electrides vary with the shape of
the trapping sites and the size of the open channels that connect sites. However, the underlying
mechanisms for their unique electronic and magnetic behavior still remain to be explored. One
of the main drawbacks of applicability and lack of studies of electrides is the decomposition of
electrides at low temperature due to a reduction process. Over the past two decades the discovery
of the novel 2D electride compounds led to great research interest among both experimental and
theoretical researchers.
This chapter deals with the theoretical exploration of novel 2D electrides in transition metal
rich oxides or monochalcogenides. The transition metal includes hafnium (Hf),titanium (Ti), and
zirconium (Zr) and the chalcogenides include sulphur(S), selenium (Se), tellurium (Te), and oxygen
(O) atoms which are the steady elements in the periodic table. Recently, Hf, Ti, and Zr and their
compounds have also attracted increasing attention of the experimental and theoretical researchers
due to their exclusive properties and applications like hydrogen absortion [147], synthesis of
nanoparticles and nanopowders [7], cautic fusion, chlorination, and fluorosilicate fusion [49]. The
compounds like hafnium oxide, hafnium carbide, and hafnium nitride are regarded as the quite
refractory compounds of the Group 4 (IVB) elements [113]. Ti is used in aeronautic construction,
Zr is used in nuclear energy to catch thermal neutrons and to protect nuclear fuels in the heart of
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light or heavy water reactors. Hf has its first application in control and stop barrels of nuclear
reactors [145]. This dissertation serves as an identification of the compounds like Hf2 X where, X
= O, S, Se, and Te, Ti2 S and Zr2 S as a novel electride compounds.

6.2

Computational methodology
DFT calculations were performed using the projector augmented wave (PAW) method within the

generalized gradient approximation (GGA) to investigate the structural and electronic properties of
the 2D electrides like Hf2 X where, X = O, S, Se and Te, Ti2 S and Zr2 S. The calculations employed
the Perdew-Burke-Ernzerhoff (PBE) exchange-correlation functional. The plane wave energy cutoff of 525 eV was used for all the calculations. All the unit cells were fully relaxed including
the lattice vectors, and atom positions during the structural optimization using the conjugated
gradient method until the total energy was converged numerically to less than 1.0 × 10−8 eV per
unit cell and the force on each atom was less than 10−3 eV/Å. The Brillouin zone integrations
for the geometrical relaxations are performed using gamma centered k-mesh of 18 × 18 × 5 in
all 𝑃63 /𝑚𝑚𝑐 structures and Monkhorst-pack k-mesh of 4 × 3 × 12 and 12 × 3 × 2 for Ti2 S and
Zr2 S structures respectively. The value of kpoint chosen is inversely related with the size of
the lattice parameters. All the calculations were spin polarized using the tetrahedron method of
Blöchl correction with the smearing width of 0.05 eV [53]. To get deep insight into the electronic
properties of such 2D electrides and the degree of localization of anionic electrons, we have
calculated the electron localization function (ELF), and atom projected density of states (PDOS).
The empty spheres (pseudo atoms) with Wigner-Seitz radius of 1.519Å, 1.207Å, 1.282Å, 1.282,
1.535Å, 1.648Å, 1.600Å , calculated using Bader charge volume was taken for Hf2 O, Hf2 S, Hf2 Se,
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Hf2 S0.5 Se0.5 , Hf2 Te, Ti2 S, and Zr2 S respectively to ascertain the localization and contribution
of anionic electrons (E) on the projected density of states (PDOS). The positions of such empty
spheres were determined semi-empirically in the unit cell by examining the high ELF regions
separated from bonds and atoms.

6.3 Results and Discussions
6.3.1 Structural properties
In this chapter we investigated the structural and electronic properties of novel 2D electride
compounds that belong to transition metal rich mono-oxide or chalcogenide compounds like Hf2 X,
where, X = O, S, Se, and Te and M2 S where, M = Ti and Zr. Some portions of structural and electronic properties of the dihafnium sulphide (Hf2 S) have already been described in an article [65].
However, the exact electronic properties of these compounds are still unknown. Here, we attempted
to present the possible theoretical structural and electronic properties of these compounds. The
dihafnium chalcogenide compounds Hf2 X are layered hexagonal and belong to the space group
𝑃63 /𝑚𝑚𝑐(𝑛𝑜 194), the unit cell of which comprise of double formula units of Hf2 S with four Hf
and two X atoms; whereas, the compounds M2 S are orthorhombic structure with space group
𝑃𝑛𝑛𝑚(𝑛𝑜 58), the unit cell of which comprises 12 formula units with 24 M and 12 S atoms. A
new hybrid structure Hf2 S0.5 Se0.5 with hexagonal symmetry was predicted by substituting 50.0%
of S atoms by Se atoms in Hf2 S structure to visualize the transitional electronic properties between
Hf2 S and Hf2 Se. In Hf2 X compounds, one X atom and two Hf atoms forms a layer and is linked
as Hf-X-Hf forming a covalent bond. The adjacent layers are stabilized with a weak van der
Waal (vdW) interaction; However, in Ti2 S and Zr2 S, the transition metal and chalcogenide atoms
are connected with strong covalent bonding with quasi-layered structure along [100] and [001]
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direction respectively without vdW interaction. The calculated lattice parameters (𝑎, 𝑏, and 𝑐),
axial ratio (𝑏/𝑎, and (𝑐/𝑎) and volume (𝑉) of such compounds are presented in the Table 6.1. The
geometrical structures of such compounds are represented in Fig. 6.2 and Fig. 6.3. By definition
of hexagonal symmetry in Hf2 X, the lattice parameters 𝑎=𝑏≠𝑐 and 𝛼=𝛽=90𝑜 and 𝛾=120𝑜 . The
axial ratio (𝑐/𝑎) in Hf2 X increases with the increasing size of chalcogenide atom. Similarly, by
definition of orthorhombic structure, the lattice parameters in M2 S are 𝑎≠𝑏≠𝑐 and 𝛼=𝛽=𝛾=90𝑜 .

Table 6.1: Lattice parameters (𝑎,𝑏,𝑐), axial ratio (𝑏/𝑎,𝑐/𝑎), and volume (𝑉) of Hf2 X, where X=(O,
S, Se, S0.5 Se0.5 , Te), Ti2 S, and Zr2 S.1
properties

Hf2 O

Hf2 S

Hf2 Se

Hf2 S0.5 Se0.5

Hf2 Te

Ti2 S

Zr2 S

𝑎(Å)

3.151

3.375(3.374))

3.434

3.403(3.400)

3.542

11.351

3.544

𝑏(Å)

3.151

3.375 (3.376)

3.434

3.403(3.400)

3.542

13.996

12.370

𝑐(Å)

10.844

11.767(11.788)

12.258

12.024(12.020)

12.931

3.322

15.339

𝑏/𝑎

1.000

1.000

1.000

1.000

1.000

1.233

3.491

𝑐/𝑎

3.441

3.487

3.569

3.534

3.651

0.293

4.329

𝑉 (3)

93.220

116.100

125.210

120.56

140.52

527.72

672.44

1In Table.6.1, the reported experimental results retrieved from the reference [111] are given in parenthesis except
for Hf2 S0.5 Se0.5 which are extracted from SKKU.
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Figure 6.2: Relaxed geometrical structures of Hf2 X, where (X = O, S, Se, and Te) with side view
along (100) plane and top view along (001).

6.3.2

Electronic properties

The electronic properties of such 2D electride compounds can be explained in terms of Electron
Localization Function (ELF), Bader charge analysis, projected density of states (PDOS), and
construction of Fermi surfaces. The 2D contour plot of ELF has been plotted for each compound
under study. A slice plane of (21̄0) for Hf2 X, where, X = O, S, Se, and Te, (001) for Ti2 S and
(100) or Zr2 S has been chosen to visualize the distribution of localized electrons in the crystal
structure. We have chosen the maximum ELF value of 0.65 to get better insight of the spatial
distribution of the localized anionic electrons. The plots reveal that there is a substantial amount of
electrons trapped within the inter-layer spaces and void spaces represented by the region enclosed
by the black dotted lines in each compound (Fig. 6.4). The anionic electrons are denoted by
the symbol E. As we can observe from the ELF plots that these electrons neither belong to any
host atoms nor to the bonds joining the host cation and anion. Thus, the ELF plot signifies the
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Figure 6.3: Relaxed geometrical structures of (A) Ti2 S, and (B) Zr2 S, with side views along (100)
and (001) planes, and top view along (001).

electride properties of these materials. On the other hand, it can be observed that the large extent
of charges are localized around the chalcogenide atom that signifies, some portion of charge has
been shared between transition metal and chalcogenide atom indicating covalent nature of bonding
between them. Bader charge analysis in Table 6.2 and 6.3 confirms the significant charge transfer
(oxidation state) in anionic electron (E). Here, the Bader charge analysis was performed using
the pre-converged valence charge density with reference to Electron Localization Function (ELF).
The oxidation state (charge transfer) is the difference between the pseudo-potential valence charge
and the Bader charge. In Hf2 O, the oxidation state of Hf is +3.81. In case of Hf2 X for X = S,
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Se, S0.5 Se0.5 , and Te, the calculated value of Bader charge is zero which means that out of four
pseudo-potential valence electrons taken for Hf, all the electrons are transferred to anionic atoms
X and E, leaving the net oxidation state of +4.0 for Hf. Similarly, the oxidation states of transition
metal Ti and Zr in Ti2 S and Zr2 S are +3.40 and +2.23 respectively. In general, the Bader analysis
is an effective way to determine chemical valence of real atoms and charge of anionic electrons.
However, such method also fails to distinguish the anionic electrons and strong localized electrons,
e.g. metal-metal bonding, covalent bonding, or lone pairs, where there exists the mixed bonding.

Figure 6.4: 2D contour plot of electron localization function (ELF) of Hf2 X (X = S, Se and Te)
Ti2 S, and Zr2 S. The symbol E denotes the anionic electrons.

The atom projected density of states (PDOS) has been plotted for the materials under study
in this section. It can be observed that there is significant contribution in DOS from the anionic
electrons at the Fermi level (Fig. 6.5). Since, the valence band maximum and conduction band
minimum overlap at the Fermi level, these materials exhibit purely metallic properties. To further
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Table 6.2: Bader charge analysis (charge transfer) on atomic species of Hf2 X, where, X= O, S, Se,
and Te with reference to Electron Localization Function (ELF).
Atoms

valence charge

Bader charge

oxidation state

compound
with ref-ELF

Hf2 O

Hf2 S

Hf2 Se

Hf

4

0.1868

3.8132

O

6

8.0245

-2.0245

E

0

2.8009

-2.8009

Hf

4

0.0000

4.0000

S

6

8.6456

-2.6456

E

0

2.6772

-2.6772

Hf

4

0.0000

4.0000

Se

6

8.5641

-2.5641

E

0

2.7179

-2.7179

Hf

4

0.0000

4.0000

S

6

8.6291

-2.6291

Se

6

8.5735

-2.3751

E

0

2.7179

-2.7179

Hf

4

0.0000

4.0000

Te

6

8.6311

-2.6311

E

0

2.6844

-2.6844

Hf2 S0.5 Se0.5

Hf2 Te
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Table 6.3: Bader charge analysis (charge transfer) on atomic species of Ti2 S, and Zr2 S with
reference to Electron Localization Function (ELF).
Atoms

valence charge

Bader charge

oxidation state

compound
with ref-ELF

Ti2 S

Zr2 S

Ti

4

0.5988

3.4012

S

6

9.1841

-3.1841

E

0

2.8947

-2.8947

Zr

12

9.7663

2.2337

S

6

8.1906

-2.1906

E

0

1.8215

-1.8215

illustrate the electronic properties of such 2D electride compounds, we have constructed the Fermi
surfaces using the code IFERMI [43]. Here, the color bar represents the absolute value of the
Fermi velocity of the electrons as shown in Fig. 6.6. Fermi surface, in condensed matter physics,
is the surface in reciprocal space which separates occupied from unoccupied electron states at
zero temperature. This surface represents the limit of occupation of the different single-particle
momentum states in the ground state of the system. All the states with momentum contained
within this surface are occupied, all those with momentum outside this surface are unoccupied [89].
Fermi surfaces are crucial to characterize and predict the thermal, electrical, magnetic, and optical
properties of the conductors. They are strongly related to the crystal lattice, which is one of
the underlying features of all the metallic solids as well as to energy band theory describing the
distribution of electrons in such materials [26].
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Figure 6.5: Projected density of states (PDOS) of Hf2 X, where X = S, Se and Te, Ti2 S, and Zr2 S
calculated at T = 0 K. Zero of the energy axis represents the Fermi level which is indicated by
dashed vertical black line.

6.4

Calculation of work function(𝜙)
By definition, work function (𝜙) is the minimum energy required to remove an electron from

the bulk of the material through a surface to an infinite distance. There are two different methods
to calculate the work function. Eqn. 6.1 represents the 1𝑠𝑡 method where, both the potential in the
vacuum region (𝑉𝑣𝑎𝑐 ) and Fermi-energy (𝐸 𝐹 ) are derived from the same self-consistent calculation.
𝜙 = 𝑉𝑣𝑎𝑐 − 𝐸 𝐹

(6.1)

The 2𝑛𝑑 method utilizes the concept of macroscopic averages which refers to the potential step
across the surface of the slab, and reference it to the macroscopic average of the potential obtained
𝑚𝑎𝑐𝑟𝑜 ). This allows for the use of the Fermi
from a calculation on the separate bulk system (𝑉𝑏𝑢𝑙
𝑘

2In Fig.6.6, the color bar represents the absolute Fermi velocity in the direction [111] given in the range 0 m/s to
6×105 m/s. The Fermi velocity for the orthorhombic structures Ti2 S and Zr2 S is relatively lower than that of hexagonal
structures Hf2 X represented by blue (minimum) and red (maximum) in color scale bar.
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Figure 6.6: Fermi surfaces of Hf2 X (X = O, S, Se, S0.5 Se0.5 , and Te), Ti2 S, and Zr2 S calculated at
T = 0 K.2

energy from the bulk system (𝐸 𝐹,𝑏𝑢𝑙 𝑘 ) [42]. This method will not suffer from quantum size effects
(QSE). QSE describes a system whose size is comparable to the effective de-Broglie wavelength
of the carriers which results in the size quantization of the energy of the carriers. It describes the
physics of the electronic properties of the solids with large reduction in the size of the particles
and becomes dominant when the particle size reaches to nano-scale from macro-scale affecting
the optical, electrical, and magnetic behavior of the materials. Materials reduced to nano-scale
size can suddenly show very unusual properties compared to what they show on a macro or bulk
scale. For example, stable aluminium turns combustible, solid gold turns into liquid at room
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temperature, insulating silicon becomes conducting, etc. [38, 39]. Here, the expression to calculate
work function using 2𝑛𝑑 method is given by Eqn. 6.2
𝑚𝑎𝑐𝑟𝑜
𝜙 = Δ𝑉 + 𝑉𝑏𝑢𝑙
𝑘 − 𝐸 𝐹,𝑏𝑢𝑙 𝑘

(6.2)

𝑚𝑎𝑐𝑟𝑜 = 0.0 eV
where, Δ V = 𝑉𝑣𝑎𝑐𝑢𝑢𝑚 -𝑉𝑠𝑙𝑎𝑏,𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 , and 𝑉𝑏𝑢𝑙
𝑘

The calculated value of work functions for Hf2 X (where, X = O, S, Se, and Te) along plane
(110), Ti2 S along plane (100), and Zr2 S along plane (001) are tabulated in Table 6.4. To calculate
the work function value we created a slab of 12 layers in Hf2 X and 8 layers in Ti2 S and Zr2 S with
vacuum size more than 26 Å in all the cases so as to safely avoid the interaction between the two
adjacent slabs. The diagram representing the methods to calculate the work-function are given in
Fig. 6.7.

Figure 6.7: Diagram representing calculations of work functions along different selected planes in
Hf2 X (X= O, S, Se, and Te), Ti2 S, and Zr2 S.3
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Table 6.4: Calculated value of work functions in Hf2 X (where, X = O, S, Se, and Te), Ti2 S, and
Zr2 S

6.4.1

compounds

plane

1𝑠𝑡 Method

2𝑛𝑑 Method

Hf2 O

(110)

3.32

3.24

Hf2 S

(110)

3.39

3.29

Hf2 Se

(110)

4.15

3.41

Hf2 S0.5 Se0.5

(110)

3.42

3.34

Hf2 Te

(110)

3.73

3.73

Ti2 S

(100)

3.43

3.41

Zr2 S

(001)

3.25

3.23

Conclusion

Using first principles density functional theory, we have investigated the structural and electronic properties of the newly discovered 2D functional electride in transition metal rich monochalcogenide in Hf2 X (where X = O, S, Se, and Te), and Ti2 S and Zr2 S. The Bader charge analysis, electron
localization function, projected density of states and calculated value of low work functions provide the supportive theoretical evidences to demonstrate the electride properties of these materials.
So far, the experimental group of Electro-active Energy Material Laboratory in Sungkyunkwan
3In Fig.6.7, the solid black and red lines represent the planar average (potential energy across the vacuum region)
and macroscopic average (potential energy across the slab) respectively. 𝜙 represents the value of work function and
𝐸 𝐹 represents the Fermi-energy with reference to macroscopic average of the bulk.
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University (SKKU), South Korea is synthesizing these electride compounds in support to our
theoretical predictions.
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CHAPTER VII
CONCLUSION

7.1

Summary
This dissertation is composed of three main projects. The first project deals with the sub-

stitutional and lattice vacancy defect in 2D WSe2 monolayer. The second project deals with the
theoretical identification of novel 2D monolayer in binary ZnX (where, X = As, Sb, and Bi) compounds, and the third project explains the theoretical exploration of novel 2D electrides in transition
metal rich mono-oxides or chalcogenides. Throughout the calculations we have used VASP based
density functional theory using PBE+U, and PBE exchange correlation functional to investigate
ground state structural, electronic, and magnetic properties via full geometrical optimizations of
the materials under study. In the first project we proposed the model for the enhancement of magnetic moment to support the experimental findings in V doped WSe2 . We predicted the long range
ferromagnetic order in V doped WSe2 . This ferromagnetic behavior though strictly depends on the
V doping concentration and V-V separation, it can be surprisingly escalated in the presence of Se
vacancies nearest to V atom. The escalated magnetic moment further explicitly depends upon the
spatial position of the Se vacancy with respect to V atom. We determined the value of the critical
radius (𝑑 𝑐 ) in case of two and three Se vacancy cases to understand the distribution of magnetic
domain in the vicinity of defect zone. We performed several calculations and case studies such
as charge density difference, Bader charge analysis, magnetization density map (MDM), projected
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density of states (PDOS), integrated density of states (IDOS), electronic band structure and band
decomposed charge density to provide better insights to our proposed model and to highlight the
importance of V substitution and Se vacancy defects in such systems.
In the second project, we theoretically engineered the feasibility and stability of 2D monolayer structures in the binary compounds ZnX, where, X = As, Sb, and Bi. We determined the
energetically favored breaking plane from the self consistent energy calculations to model the
geometrical structure of 2D sheet of such compounds. After predicting that these compounds
first satisfied the exfoliation energy criterion and dynamical stability, we were more interested to
propose the geometrical structures for their 2D monolayer. Interestingly, the symmetry of such
compounds have been changed from 𝑝𝑏𝑐𝑎(𝑛𝑜 61) to 𝑝21 /𝑐(𝑛𝑜 14) while going from 3D bulk to
2D monolayer. The electronic properties were investigated by calculating charge density, charge
density difference, electron localization function, orbital projected density of states, and electronic
band structure. There is sharp transition in electronic properties from indrect and narrow to direct
and sizable band gap while going from 3D bulk to 2D monolayer in these compounds which is the
surprising results of our calculations. These direct band gap semiconductors could have a niche
applications in modern technological devices.
In the third project, we attempted to explore theoretically the structural and electronic properties
of the novel 2D electride compounds in transition metal rich mono-oxides or chalcogenides in
hexagonal Hf2 X (where, X =O, S, Se, Te),and orthorhombic Ti2 S and Zr2 S. We calculated
the Bader charge analysis showing significant charge transfer in anionic electrons (X), electron
localization function (ELF) showing the localized region of X in the interlayer spaces in Hf2 S and
interstitial spaces in Ti2 S and Zr2 S, projected DOS showing ionic level contribution of X in the
90

Fermi level, and the calculated value of low work functions (3.23 eV – 4.15 eV) provide sufficient
evidence to compare with the experimental findings for the electride properties of these materials.
Further experimental investigations are going on to predict the existence of polymorphic phases of
such compounds besides their chemical synthesis.

7.2

Directions to future work
My dissertation opens up possible future gates and opportunities to other experimental and

theoretical researchers to continue the research on 2D materials with defects like TMDCs, and
ZnX (where, X = As, Sb, and Bi) to discern novel electronic and magnetic properties suitable to
use in nanotechnology. Since most of the properties described in this dissertation are the inherent
ground state properties; therefore, it is encouraged to study excited state properties like optical
absorption, energy loss spectra, photoemission spectra, piezoelectric spectra, etc to understand
in depth the quantum mechanical properties of the materials. Since, 2D materials are useful
in semiconductor industries to further shrink size of electronic equipment and to lower power
consumption, it is necessary to develop an accurate technique to detect the defect in these materials
to use in nano-devices. The next step would be the initiations of the experiment to setup zero
dimension defects introducing atomic vacancies and to extend it to other 2D materials that host
different electronic and structural properties. The compounds ZnX (X = As, Sb, Bi), Hf2 X (X =
O, S, Se, and Te), Ti2 S, and Zr2 S exists in various polymorphic phases. So, one can also study
phase transformations among these materials under pressure or strain to seek their applications in
flexible electronic devices.
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APPENDIX A
MIGRATION OF SELENIDE VACANCY AND BAND DECOMPOSED CHARGE DENSITY
IN V+WSE2 DEFECT
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A.1

Geometrical configurations representing migration of Se-vacancies in the defect V+WSe2 +2vacSe .

Figure A.1: Geometrical configurations representing migration of two Se vacancies where first
Se vacancy is fixed at first nearest neighbor distance 𝑑1 = 2.43 Å from V dopant and second Se
vacancy is migrating furthest from V. mtot is total magnetic moment per V atom. Config12 and
Config3 denote two exceptional cases A and B respectively.

106

Figure A.2: Geometrical configurations representing migration of two Se vacancies where first Se
vacancy is fixed at second nearest neighbor distance 𝑑1 = 4.19 Å from V dopant and second Se
vacancy is migrating furthest from V. The total magnetic moment mtot is not enhanced but drops
to 1.0 𝜇 𝐵 per V atom.

Figure A.3: Geometrical configurations representing migration of three Se vacancies and the total
magnetic moment mtot at different positions of three vacancies.
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A.2

Band decomposed charge density in pristine WSe2 monolayer and different defect states

Figure A.4: Band deomposed charge density in pristine-WSe2 monolayer with iso-surface value
3

±0.013𝑒/Å . In pristine WSe2 monolayer the bands are not spin split.

3

Figure A.5: Band decomposed charge density in V+WSe2 with iso-surface value ±0.013𝑒/Å .
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Figure A.6:

Band decomposed charge density in V+WSe2 +1vacSe with iso-surface value

3

±0.013𝑒/Å .

Figure A.7:

Band decomposed charge density in V+WSe2 +2vacSe with iso-surface value

3

±0.013𝑒/Å .
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Figure A.8:

Band decomposed charge density in V+WSe2 +3vacSe with iso-surface value

3

±0.013𝑒/Å .
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